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CROP ROTATIONS, TILLAGE AND COVER CROPS INFLUENCES ON SOIL 
HEALTH, GREENHOUSE GAS EMISSIONS AND FARM PROFITABILITY  
JASDEEP SINGH 
2020 
This study assessed the effects of three levels of crop rotation: [2-yr; corn (Zea mays L.)-
soybean (Glycine max L.), 3-yr; corn-soybean-oat (Avena sativa L.) or 4-yr; corn-
soybean-oat-winter wheat (Triticum aestivum L.)], two tillage [conventional-till (CT) and 
no-till (NT)], and two winter cover cropping systems [cover crop (CC) or fallow control 
(NC)] on soil biochemical and physical properties, greenhouse gas emissions (GHG), 
microbial community composition, crop yield and farm profitability under silty clay loam 
soil of south eastern South Dakota. Experimental design was a randomized complete 
block design in a split-split plot treatment arrangement with four replications. Rotations, 
tillage and cover cropping were, respectively, assigned as main-plot, sub-plot and sub-
sub-plot factors. 
Results from soil samples collected for analyzing biochemical properties at 
surface 0-7.5 cm in 2017 indicate that these soil properties were enhanced by adopting 
CC and NT system. In general, the CC had 9, 17 and 19% higher geometric mean of 
enzyme activities (urease x β-D-glucosidase x phosphatase x arylsulfatase)1/4 than the NC 
at pre-planting, after planting and grain-filling stage of maize, respectively. Soil 
microbial biomass carbon (C) and β-glucosidase activity were 31 and 54%, respectively, 
higher with CC vs. NC under 4-yr rotation after planting of maize. At grain-filling stage, 
the hot water extractable C and nitrogen (N) contents were significantly greater under CC 
as compared to the NC plots. 
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Results from soil physical measurements showed that CC reduced bulk density by 
6% and increased saturated hydraulic conductivity and water infiltration rate by 1.5 times 
compared to the NC. Similarly, X-ray computed tomography (CT) measured total 
porosity, number of macropores and macroporosity were 43, 34, and 60%, respectively, 
higher with CC as compared to the fallow plots. Soils under 4-yr rotation had 16, 14, and 
4% higher values of soil organic C, total N, and wet aggregate stability compared to those 
under 2-yr rotation, respectively. Also, 4-yr rotation significantly increased number of 
CT-measured pores, number of macropores, coarse mesopores, macroporosity, and 
mesoporosity than the 2-yr rotation. 
 Soil surface GHG measurements were carried out during the growing seasons of 
maize and soybean phases under NT system in 2017 and 2018, respectively. Statistical 
differences in microbial community structure between treatments were few, however, in 
comparison to 2-yr and fallow management, the 4-yr rotation and CC had numerically 
greater specific biomarkers for bacterial or fungal populations. The 2-yr rotation had 
greater CO2 emissions than the 4-yr during growing season of 2017. However, 4-yr 
rotation increased the GHG fluxes during spring thaw of 2018. Cumulative CO2 
emissions were greater under CC than the fallow when averaged over both the rotations 
during 2017, however, interaction effect during 2018 suggested that CC had lower CO2 
emissions than the fallow only under 2-yr rotation. Measurements from 2017 and 2018 
were further used to evaluate the ability of the DeNitrification-DeComposition (DNDC) 
model to predict field-measured soil surface CO2 and N2O emissions. Across all cropping 
treatments, model simulated soil (0–10 cm) temperature and moisture agreed well with 
the growing season field measurements. Predicted daily soil CO2 fluxes were accurate for 
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corn phase in 2017, but model overestimated the simulated soil respiration compared to 
the measured data in 2018 for soybean. The statistics showed “poor” agreement between 
the simulated and measured N2O emissions because DNDC model underestimated the 
fluxes during both the crop phases. Nevertheless, these studies suggest that cropping 
system diversification achieved by extending length of rotations through small grains and 
by growing winter CC such as winter rye under NT system has the potential to enhance 
microbial community structure composition and mitigate GHG emissions. 
 Yield and economic comparisons were conducted using the data collected from 
2014 through 2018 years. Results suggest that NT system though reduced the corn yield 
but increased the soybean yield under 2-yr rotation as compared to the CT system. 
Therefore, both the tillage systems were economically equivalent, whereby NT improved 
benefit-cost ratio as compared to the CT system. In our study, while CC in its short-term 
did not contribute to economic benefit, our results indicated that incorporating CC in 
conventional rotation system under NT could provide an economically superior option to 
diversify the system. Increased length of crop rotations (3- and 4-yr) increased the corn 
and soybean yields as compared to the 2-yr rotation. In the context of overall 
profitability, however, the diversified cropping system in this study lagged the traditional 
corn-soybean system which could be attributed to the relatively lower profits of small 
grains. Therefore, it is important to identify other profitable crops to diversity the corn-




 Corn (Zea mays L.) and soybean (Glycine max L.) are the two most commonly 
grown row-crops, largely planted in a corn monoculture or a 2-yr corn-soybean rotation 
for around 70% of the Midwest Corn Belt region (Iowa, Illinois, Indiana, southern 
Michigan, western Ohio, eastern Nebraska, southern Minnesota, and eastern Dakotas) 
(NASS, 2016; Suyker and Verma, 2012). This region accounts for about one third of 
global production of corn and soybeans (Ort and Long, 2014). Hence, these two 
agricultural commodities are not only important for the U.S. economy, but also broadly 
impact the global food supply (Winkler et al., 2012). Corn is used for human food, 
livestock feed and biofuel (ethanol production) (Green et al., 2018). Besides being a 
world’s largest source of animal protein feed, and the second largest source of vegetable 
oil, soybean is also widely used in the crayon industry, lubricants, hydraulic fluids and 
foams (Denicoff et al., 2014; Williams, 2013). Therefore, importance of corn and 
soybeans has expanded the ethanol and biofuel markets (Motamed et al., 2016), and 
ultimately changed the farm culture or land-use criteria in a way that the cultivation of 
these crops is a norm for farmers and difficult for them to change in the region. 
Continuous planting of corn and soybeans in a sequence has broader 
environmental concerns. Production of these two crops is less natural resource based, and 
more strongly driven by the use of agrochemicals to enhance crop yields. These external 
inputs lead to soil and ecosystem degradation and disassociate crop production from 
ecological functions such as nutrient cycling and biological pest control provided by 
diverse cropping systems. Lin (2011) aforementioned that success of intensive 
agricultural production in the Corn Belt region has guided the predominant view of 
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monoculture production systems being more productive than the diversified systems. So, 
as farms in the Corn Belt region noted upward trends in cropland expansion and 
specialization of cropping system, there has been a concomitant loss of natural grasslands 
(Lark et al., 2015; Otto et al., 2016), crop-livestock integration and agricultural 
biodiversity (Aguilar et al., 2015; MacDonald et al., 2013). This expansion and 
specialization is exacerbated by intensive tillage practices. These management alterations 
can have detrimental effects on soil organic matter (SOM), soil health and production 
potentials (Dou et al., 2008; Melero et al., 2009). Agricultural conservation practices that 
can restore soil organic carbon (SOC) levels, improve production efficiency, maintain 
yields and increase profits whilst minimizing the negative effects on the environment and 
economic are, therefore, strongly needed for sustaining agricultural productivity in the 
region (Garnett et al., 2013).  
Conservation agriculture represents a set of three soil health principles: (1) direct 
planting of crops with minimum soil disturbance (e.g. no-till [NT]), (2) permanent soil 
cover by cover crops (CCs), and (3) crop rotation (Pittelkow et al., 2015). These 
principles have broadly received attention for enhancing functional diversity of cropping 
systems and improving soil quality (Duru et al., 2015). No-till system can minimize 
environmental degradation (Tran Ba et al., 2016), increase SOC, improve soil structure 
(Huang et al., 2013), and hence water infiltration (Janvier et al., 2007). Due to soil and 
water conservation benefits, there is a wide adoption of NT occurred in Midwest Corn 
Belt region (Fowler, 2012), but application of the other two conservation agriculture 
principles has been affected by soil characteristics and crop rotation (Wade et al., 2016). 
In Midwest cropping system, corn and soybeans are planted and harvested in similar 
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windows each season, so they offer little opportunity for establishing other crops such as 
forage legumes (i.e. alfalfa [Medicago sativa] and clover), those are essential for 
contributing to soil fertility and quality within low external input cropping systems 
(Liebman et al., 2008). Similarly, rotating corn and soybeans with small grain crops such 
as wheat (Triticum aestivum L.), barley (Hordeum vulgare L.) and oats (Avena sativa) 
open opportunities to insert CCs such as rye (Secale cereale L.) for biomass production 
and Brassica spp. for reducing soil compaction, in late July or early August after the 
harvest of cash crops. In addition, these agronomic adjustments can break the pest cycle 
and evenly distribute labor and provide flexibility in farming operations. Diverse 
cropping systems have the ability to improve soil structure, decrease weeds, pests, and 
disease incidences, lessen groundwater contamination and build soil health. In addition to 
soil health improvements, these conservation managements also maintain crop 
productivity, distributing economic risks and workload and improving internal resource 
utilization compared with monoculture. Long-term experiments in various areas reported 
an increase of 10 to 17% in grain yield when corn was grown in rotation rather than in 
monoculture (Higgs et al., 1990; Mannering and Griffith, 1981). So, it is expected that 
NT cropping systems go hand-in-hand with diverse crop rotations. No-till can reduce 
labor and energy requirements. Legume CCs can lower production costs by partially 
replacing fertilizer nitrogen (Blevins et al., 1990). 
Study Objectives 
The goal of this research was to assess the soils, environmental and economic 
performances associated with the diverse crop rotations, CCs and tillage systems. This 
dissertation was also aimed on bridging soil health with the environment quality and 
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economic stability in Midwestern Corn Belt cropping systems. This dissertation 
evaluated various indicators across different spatial and temporal scales through the 
following mentioned objectives/studies: 
Study 1. The study was entitled “Seasonal changes of soil carbon fractions and enzyme 
activities in response to winter cover crops under long-term rotation and tillage 
systems” with the specific objective to see if rotation, tillage, and CCs affect 
water extractable C fractions, microbial biomass, and enzyme activities under 
maize growing season. 
Study 2. The study was entitled “X-ray CT-measured soil pore parameters as influenced 
by crop rotation and cover crops” with the specific objectives were to (i) 
characterize, visualize and analyze the microscale changes in near soil surface 
pores with long-term crop rotations and CC managed with NT system, and (ii) 
to correlate these soil pore parameters with the measured soil physical (bulk 
density and wet aggregate stability) and hydrological (hydraulic conductivity 
and water infiltration) properties. 
Study 3. The study was entitled “Responses of soil microbial community structure and 
greenhouse gas fluxes to crop rotations that include winter cover crops” with the 
specific objectives were to: (i) assess the impacts of crop rotations and cover 
crop management on soil microbial community structure composition, and (ii) 
investigate responses of soil surface GHG emissions in relation to rotation and 
cover crop. 
Study 4. The study was entitled “Evaluation of the DNDC model for simulating soil 
respiration and nitrous oxide emissions from crop rotations that include winter 
5 
cover crops” with the specific objective  to evaluate the DNDC model’s ability 
to simulate field-measured daily soil temperature, moisture, soil respiration and 
N2O fluxes from 2-yr corn-soybean rotation with fallow (2-yr NC) and cover 
crop (2-yr CC), and a 4-yr corn-soybean-oats-winter wheat rotation with fallow 
(4-yr NC) and cover crop (4-yr CC). 
Study 5. The study was entitled “Crop yield and economics of cropping systems 
involving different rotations, tillage and cover crops” with the specific objective 
was to compare the crop yield and economic performances of different cropping 
systems that featured three crop rotations [corn-soybean (2-yr), corn-soybean-
oat (3-yr), and corn-soybean-oat-winter wheat (4-yr)], two tillage systems (NT 
vs CT) and two cover type managements [CC vs no-cover crop, (NC)]. 
Note: All the five studies were written independently in the format of journal manuscripts 
for publication purposes. So far, Study 1 is published in European Journal of Soil 
Science, and Study 2 is published in Soil Science Society of America.  
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The U.S. Corn Belt accounts for about one third of global production of corn (Zea 
mays L.) and soybeans [Glycine max L.] (Ort and Long, 2014). Midwest Corn Belt region 
is not only an integral part of the global food production system (Winkler et al., 2012), 
but also largely responsible for water pollution from fertilizer transport (Broussard et al., 
2012), trace gas emissions (Behnke et al., 2018), soil health degradation (Alhameid et al., 
2019a) and potentially negative impacts on crop yield (Gustafson et al., 2016). So, the 
challenge that farmers or land managers face today is that they need to find a balance 
between getting higher yields and profit whilst minimizing the negative effects on the 
environment (Hill et al., 2006). Given this problem statement, Corn Belt region must 
adapt to utilize holistic agricultural practices that can navigate the tradeoffs between 
production and environmental degradation (O'Brien et al., 2019). The goal of sustainable 
agricultural system is to address global food security challenges with reduced external 
inputs and minimal environmental impacts (Friedrich et al., 2017; Godfray and Garnett, 
2014). The literature review in this chapter is focused on no-till (NT), cover crops (CCs), 
and diverse rotations and their impacts on soils, crop yield, environment and economics.  
 
2.1. Cropping systems 
Cropping system defined by Blanco and Lal (2008) as “type and sequence of 
crops grown and practices used for growing them”. In this definition, “practices” involve 
management of tillage, residues, nutrients, crop rotations, CCs and all others that can 
make the growing environment more favorable for crop production (Cook, 2006). 
Traditionally, cropping systems were structured only to maximize crop yields but in 
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recent years, as focus is towards sustainability of agricultural production systems, the 
new cropping systems are designed holistically by considering ecological, economical 
and environmental concerns (Blanco and Lal, 2008; Nafziger, 2009a). Nevertheless, 
cropping systems help in combining best cropping practices for each soil and ecosystem. 
Here, some important components of cropping systems are discussed in context to 
Midwest Corn Belt cropping systems.  
2.1.1. Crop rotations 
Crop rotations are the primary aspect of cropping systems in which different kinds 
of crops are grown in recurrent succession sequentially on the same field in alternate 
seasons or years. Rotations those are discussed in our study have been grouped based on 
the duration, crop and plant species, and mentioned below as: 
Monocropping, or monoculture: Production of a single crop in the same field (e.g. corn 
monoculture). 
Simple, or short rotation: Production of two crops in the same field within 2-yr period  
(e.g. 2-yr rotation of corn-soybean). 
Extended, or diverse rotation: It refers to >2-yr rotations and more than three crops (e.g. 
corn-soybean-oat [Avena sativa]-wheat [Triticum aestivum L.]). 
Extended rotations bring diversity on the farm, takes away the host organism and 
thus disrupts insect and crop-disease cycles. Rotations can curb erosion, supplement soil 
nutrients, improve soil structure and conserve soil moisture. Ability of diverse rotations 
to control perennial weeds and reduce soil compaction is even more advantageous in 
conservation tillage systems, where weeds and compaction can sometimes be serious 
issues especially at the beginning of the NT systems. Crop diversity not only contributes 
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to the maximum potential of crop yields, but also builds stability (Grover et al., 2009), 
those are essential for sustainable agriculture production. Furthermore, diverse rotations 
reduce economic risk associated with unfavorable weather or pest damage in any single 
crop. 
There are numerous factors (such as soil, weather, livestock, market, and machine 
resources) that must be taken into consideration when planning a crop rotation. In some 
cases with similar soils and weather, there will be a range of rotations that will be 
agronomically suitable (Nafziger, 2009a). In general, as we go from south to north, soil 
temperature increases during early spring. In this context, corn following a low-residue 
crop such as soybean will likely to experience a warmer soil temperature earlier than 
when following a high-residue crop such as corn. The most commonly grown crops can 
be divided into three groups (Clay et al., 2009): 
Cool season: spring wheat, winter wheat, barley (Hordeum vulgare L.), durum wheat and 
oat 
Warm season: corn, sorghum (Sorghum bicolor) and millets 
Cool and warm season broadleaf’s: soybean, alfalfa (Medicago sativa), field pea (Pisum 
sativum L.), canola (Brassica napus), mustard, flax (Linum usitatissimum) and sunflower 
(Helianthus annuus L.) 
Similarly, as one travels from east to west, water becomes a more limiting for 
crop growth. Depending on the crops grown, simple-rotations may not be any better than 
monocropping for conserving soil and water (Blanco and Lal, 2008). Some commonly 
grown crops can be divided based on their requirement of water into two broad groups 
(Clay et al., 2009): 
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Low water-use crops: barley, winter wheat, field peas, and canola 
High water-use crops: corn, soybean, and alfalfa  
 Nevertheless, when considering to enhance rotational diversity in the cropping 
systems, functional complementarity between crops should be the goal, so that potential 
conflicts between the seeding and harvesting times of different crops can be avoided. 
2.1.2. Cover crops 
Cover crop is an integral component of cropping systems and an important 
companion conservation practice to NT and crop rotations. These crops provide plant 
cover for soil in between periods of normal crop production, and protect soil against 
erosion, reduce weed infestation through competition, contribute to soil organic matter 
(SOM) additions, improve soil structure, and enhance soil fertility (Hobbs et al., 2008). 
For Midwest cropping systems, there is not an ample amount of sunlight available for 
CCs in rotations such as corn-soybeans and corn-soybeans-small grains. So, selecting a 
CC species or mix of species is essential to success that can germinate, emerge, and 
establishes quickly. Winter CC species such as rye (Secale cereale L.), hairy vetch (Vicia 
villosa Roth.), wheat, and other grasses and legumes are sometimes planted in late 
summer or early fall to provide soil cover until the following spring with an objective to 
provide forages and extend grazing season. Similarly, multispecies CC mixtures 
including grasses (e.g. barley, rye, oat, buckwheat and wheat) and legumes (e.g., cowpea 
[Vigna unguiculata L.], clovers, hairy vetch, forage pea, lentil and lupin) are 
recommended because the former can scavenge nitrogen (N) and prevent its loss to water 
runoff, while the legumes can contribute N to the following crop. Similarly, including 
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Brassicas species (such as radish [Raphanus sativus L.], turnip [Brassica rapa L.], 
canola, dwarf essex and mustards) can reduce soil compaction.  
2.1.3. No-till system 
Under NT system, all surface residues are left to cover the soil after harvest 
(Lahmar, 2010) and crops are planted directly into the soil with no primary or secondary 
tillage (SSSA, 2008). Compared to other tillage systems, NT saves production cost, 
controls soil erosion, retains soil moisture and increases production benefits. Continuous 
NT fields without crop rotations and CCs can, however, develop a several challenging 
situations such as perennial weed control, disease and insect management. This is 
particularly significant in the Midwest Corn Belt where rotations are not-diverse. 
2.2. Influence of diverse cropping systems on soils, environment and economics 
2.2.1. Soil biochemical properties 
Current cropping systems of Midwest Corn Belt are highly simplified in which 
nutrient availability is mainly managed with exogenous anthropogenic inputs. Transition 
of this artificialized system to diversified system needs a complex network of ecological 
processes, mainly regulated by soil microorganisms. So, long-term sustainability of 
agricultural systems depends on microbial activity and population structure. Given this 
context, soil biochemical properties (such as microbial biomass and enzymes) have been 
identified as sensitive indicators of soil quality, often used for detecting changes in soil 
management long before other indicators are detectable (Aon et al., 2001; Hueso et al., 
2012; Powlson et al., 1987). Similarly, quantifying changes in labile pools of soil carbon 
(C) and N can provide useful insights about availability of energy and substrates for 
microbial metabolism and thus, information on likely soil functioning and health. 
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 Increased rotational complexity with different crop species, and accumulation of 
biomass with CCs during fallow periods can lead to a greater abundance and diversity of 
plant litter on the soil surface (Venter et al., 2016). This diversity of plant litter modifies 
quantity and quality of SOM (Restovich et al., 2011), stabilize and increase SOC levels 
over the years. Several long-term studies have reported increment in SOC and TN 
concentration with crop rotations (e.g. Gregorich et al., 2001; Maiga et al., 2019; Russell 
et al., 2005) and CCs (Mazzoncini et al., 2011) through return of crop residues. It has 
been postulated that plants from different families can provide different root exudates in a 
rotation scheme, release specific compounds into the rhizosphere and thus, alter nutrients 
availability to soil microbes, and affect bacterial community populations (Acosta-
Martinez et al., 2007; Guong et al., 2012). Tiemann et al. (2015) observed greater accrual 
of soil C and N contents under diverse crop rotations and attributed this change to more 
structural stability because of greater fungal abundance observed in this same rotation 
treatments. Other studies (e.g., Mäder et al., 2000; Stromberger et al., 2007) have also 
supported the previous hypothesis and reported higher abundance of arbuscular 
mycorrhizal fungi populations under diverse cropping systems.  
It has been postulated that soils with high microbial diverse populations have 
diverse soil functioning and ecosystem processes, which is generally performed by 
enormous amount of taxa in soil (Gil et al., 2011). Within this context, differences in 
microbial community structure can be expected under ‘complex vs simple rotations’ or 
‘CC vs fallow’ treatments. However, some studies reported no differences between 
bacterial communities in response to crop rotations (e.g., Navarro-Noya et al., 2013; 
Zhang et al., 2014) or CCs (e.g., Mbuthia et al., 2015) in cropping system. Orwin and 
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Wardle (2005) reported that plant species richness might have a substantial influence on 
crop biomass input, but it had minimum effect on soil microbial community composition 
or activity. Similarly, some CC studies (e.g., Calderon et al., 2016; Finney et al., 2017b) 
reported immediate effect of winter CCs on microbial community structure after their 
termination or reported to not last beyond the subsequent grain crop.  
As changes in SOM often occur gradually, labile attributes such as microbial 
biomass can reflect one order of magnitude faster than total organic C or N (Dalal, 1998). 
Shah et al. (2010) reported that microbial biomass was improved significantly by 
increasing cropping intensity with corn and even more by using mungbean (Vigna 
radiata) as green manure crop in wheat-fallow system after three years of establishing 
experiment. Several CC studies (e.g. Buyer et al., 2010; Drury et al., 1991; Nair and 
Ngouajio, 2012) have shown greater microbial biomass after their integration into crop 
rotations. This is primarily due to C and N inputs derived from unharvested residues 
produced by CC and its decomposition in later period that maintain C source to soil 
microbial biomass (Carrera et al., 2007; Finney et al., 2017a). Other studies have also 
noted that conditions created by CCs can produce a general rise in soil bacterial 
communities (Chavarría et al., 2016): specifically increment in Gm+  and actinomycetes 
with CC treatments are, respectively, reported by Gil et al. (2011) and Buyer et al. (2010) 
in their studies. Similarly, β-glucosidase has been reported greater with CC (Turner et al., 
2002), which is an indicator of active C cycling in the soil environment (Burns, 1982).  
Benefits of SOM additions and improved biochemical cycling of nutrients from 
crop rotations and CCs can be negated if residues are incorporated by tillage (Bowman et 
al., 1999). Soil disturbance by tillage can accelerate mineralization, reduce soil structure 
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by degrading aggregates and expose microsites rich in substrates to enzyme proliferations 
(Spedding et al., 2004). For instance, plant residues such as rye, contain urease in its 
biomass (Nannipieri et al., 1983). Its incorporation may increase urease activity, which in 
turn, might enhance active N availability in soil solution. This temporary flush of 
biological activities, however, cannot sustain longer for microbial community structure 
and thereby an indicator of decline of labile C (Balota et al., 2003). In contrast, NT 
maintains SOC to support the microbial biomass and favors the formation and 
stabilization of soil aggregates that improve and protect habitat for microbial community 
(Lagomarsino et al., 2012). Balota et al. (2014) demonstrated this hypothesis under corn-
soybean rotation and concluded that soil microbial quality parameters (such as, microbial 
biomass, enzymes and labile polysaccharide) were increased with winter CCs (black oat, 
wheat, radish, blue lupin, and hairy vetch) as compared to fallow in both tillage systems 
(NT vs plow-till), but with greater relative increase in tillage than the NT. So, the benefits 
from CCs depend on the productivity or amount of biomass produced (Hubbard et al., 
2013b), how long it left to grow before next crop, and longevity of experiment. Published 
studies (e.g., Kuo et al., 1997; Sainju et al., 2003) have reported that it takes 5-6 years 
with CCs to observe appreciable change in SOM pools. The greater abundance of Gm+ 
and actinomycetes has been related by Linn and Doran (1984) to soil conditions 
accumulating greater recalcitrant aromatic C content and anaerobic soil conditions. 
2.2.2. Soil physical and hydrological properties 
Soil physical structure influences a wide range of essential soil functions such as 
decomposition and nutrient acquisition, cation exchange capacity, SOM turnover and 
microbial proliferations (Martin and Marinissen, 2013; Moebius et al., 2007). Properties 
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such as aggregate stability, bulk density, penetration, water infiltration and hydraulic 
conductivity are important indicators of soil physical quality, which can be altered by 
agricultural management practices (Nouri et al., 2018). Changes in pore-size distribution 
can influence soils ability to transport water (Pachepsky et al., 2000). 
At present, most of the producers in Midwest Corn Belt region depend on rainfall 
water for their crops. Corn and soybeans are water demanding crops, but current cropping 
systems are fighting under two climatic tensions. During summers, crops face periodic 
droughts and hot and humid conditions, whereas during spring or fall, farmers need to 
take care of too much moisture from torrent winter and spring rainfalls. In fact, IPCC 
(2014) predicted a high temperature and prolonged droughts in the future. So, there is 
high risk that lack of precipitation or drying events of the warmer atmosphere will reduce 
water availability for plants, thus causing a negative impact on crop yields (Kazula et al., 
2017). Another issue of Corn Belt is tile drainage systems; objectively installed to drain 
off excess water. However, fields often times are laden with fertilizer and herbicides, 
which is taken into nearby streams with surface runoff or through leaching. This brings 
nitrate pollution and herbicides toxicity in local and regional watersheds. Published 
studies (e.g., Broussard and Turner, 2009; Hunt et al., 2017) have indicated that the 
Midwest Corn Belt is responsible for the hypoxic zone in the Gulf of Mexico. Therefore, 
physical quality features such as storing and suppling water in dry periods and quickly 
infiltrating and percolating water in wet periods (Blanco-Canqui and Francis, 2016) while 
maintaining aggregate stability is required on farms in the Corn Belt region.  
Different management practices such as NT, diverse crop rotations and CCs can 
improve physical characteristics for water transport (Alhameid et al., 2019b; Hubbard et 
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al., 2013a). These practices build SOC concentration through residue retention (Maiga et 
al., 2019), which is largely responsible for improvement in soil physical and hydrological 
properties. Soil organic C (SOC) with other binding agents (i.e. fungal hyphae, root 
growth, cation exchange capacity) promote soil aggregation (Jastrow et al., 1998). In-
turn, these stable aggregates maintain a range of pore sizes, influence the density and 
stability of soil physical structure (Amezketa, 1999) and ultimately improve the ability of 
soil to retain and supply water for plant production (Gupta and Larson, 1979). With 
respect to Midwest cropping systems, where continuous monocropping and crop-winter 
fallow reported to have negative impacts on soil physical properties (Haruna et al., 
2018a; Jagadamma et al., 2008) and SOC concentration (West and Post, 2002), it is 
essential to restore C into the soil. Diverse cropping systems can increase SOC levels and 
improve physical properties, because crop species vary in their rooting patterns, row 
spacing, foliage and other activities (Blanco-Canqui et al., 2010; Martens, 2000). This 
can lead to different quality and quantity of plant residues left on the soil, which may 
influence soil properties differently (Sanford et al., 2012). For instance, Kazula et al. 
(2017) observed greater soil water retention with corn-soybean-wheat rotation than the 
corn-soybean rotation and attributed this effect to dense and fine root system of winter 
wheat.  
Growing soybean in alternate years not only promotes rapid decomposition of 
residues, but also leads to the formation of aggregates that are more susceptible to 
degradation (Blanco-Canqui and Lal, 2004). Because, soybean residues are not only less 
in amount, but usually they have lower C:N ratio and less phenolic acid content than the 
corn and wheat (Halvorson and Schlegel, 2012; Martens, 2000). Similar results were 
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found by Zuber et al. (2015), who reported that soil under corn-soybean-wheat rotation 
had higher aggregate stability than in the corn-soybean rotation. Other studies have 
reported that the inclusion of soybean within corn-soybean rotation can lead to lower 
SOC (West and Post, 2002) and wet aggregate stability (Jagadamma et al., 2008) as 
compared to the monoculture corn. To complement corn-soybean rotation, extended crop 
rotations that include small grains or winter annual CCs has received attention in recent 
years. Karlen et al. (2006) found that extended crop rotations with oat, forage and legume 
crops increased SOC, wet aggregate stability and reduced bulk density when compared 
with continuous corn and corn-soybean rotation. Shaver et al. (2003) observed under 12-
yr NT experiment that corn-wheat and sorghum-wheat rotations had lower bulk density 
and higher soil porosity than the continuous wheat rotation. Fuentes et al. (2009) 
attributed greater infiltrations with rotations that have more frequency of wheat as 
opposed to corn dominated rotations. Although biomass production is lower in wheat 
than in corn, but higher plant and root density with former than latter can promote 
uniform soil cover and increased water infiltration. Katsvairo et al. (2002) documented 
greater water infiltration with corn-soybean-wheat than corn-soybean rotation associated 
with higher earthworm densities. 
Winter CCs can provide high surface cover when their aboveground biomass is 
incorporated into the soil (Haramoto and Gallandt, 2004). This can facilitate root growth 
of succeeding crops (Calonego et al., 2017) and their biomass can help to reduce the 
kinetic energy of rain drops (Haruna et al., 2018a). Cover crops maintain SOC levels, 
leading to aggregate stabilization and improved soil structure because of their roots and 
aboveground biomass production and supply of C to polysaccharide-producing microbes 
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and supporting fungi hyphae (Le Guillou et al., 2012). This helps in improving 
macroporosity (Auler et al., 2014), reducing bulk density (e.g., Haruna and Nkongolo, 
2015; Mitchell et al., 2017), and increasing water infiltration (Touchton et al., 1984). 
Villamil et al. (2006) observed a greater macropore and mesopore volume with the use of 
CC in rotations compared with the no-CCs. This implies that higher moisture will be 
retained in soils under CC fields because water will infiltrate quickly to the soil profile. 
Mitchell et al. (2017) attributed this higher infiltration to development of root channels 
from higher earthworm populations in surface CC soils than in fallow soils. Ground cover 
with CC promotes infiltration, especially during bare fallow period, which could be 
susceptible to surface sealing with wet-dry events and water erosion during spring season 
(Lawal and Lawal, 2017). Haruna et al. (2018b) reported a trend of higher saturated 
hydraulic conductivity in CC compared to fallow management. Villamil et al. (2006) 
reported that lower bulk density and higher porosity in CC soils increased the soil water 
retention properties in the soil.  
2.2.3. Soil surface greenhouse gas emissions 
It is estimated that agricultural activities contribute about 9% of atmospheric trace 
greenhouse (GHG) (CO2, N2O, and CH4) emissions, where, soil management alone 
responsible for around 74% of total N2O emissions (EPA, 2019). Agricultural activities 
from the Midwest Corn Belt contribute about 25 to 33% of total soil N2O emissions of 
the entire U.S. (Li et al., 1996; Mummey et al., 1998). Considering the strong prevalence 
of corn-soybean as the main crops in these production systems, intensive fertilized inputs 
in corn (Robertson et al., 2000) and N-fixing soybeans supply the N substrate (Behnke et 
al., 2018) needed to produce N2O emissions naturally in the soil through nitrification and 
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denitrification process (Follett, 2001; Mosier et al., 2006). A study conducted by Mosier 
et al. (2006) also reported that by including soybean in rotation with maize (2-yr rotation 
cycle) resulted in greater N2O emissions than the continuous maize. In addition, residues 
from previous crops (IPCC, 2007), fertilizer application technique and timing 
(Drinkwater and Snapp, 2007) are usually poorly synced with crop N uptake (Jan et al., 
2011), therefore, large amounts of mineral N (as residual N) remain in the soil after 
harvest (Sanchez‐Martin et al., 2010). Millar et al. (2010) reported that fertilized crop 
take up less than half of applied N, leaving excess available for loss through leaching 
and/or denitrification during both the cropping and fallow periods (Aguilera et al., 2013; 
Sanz-Cobena et al., 2012). Since, it is impossible to continuously monitor GHG fluxes 
and soil C and N dynamics across all possible combinations of conservation practices 
with diverse crop rotations, management practices, soil types and microclimates; process-
based models, such as DeNitrification and DeComposition (DNDC) can be appropriate in 
addressing the complexity of these systems (Gryze et al., 2010). 
The ability of soils to sequester C can offset GHG emissions, which implies that 
increasing diversity is required for the current cropping systems of the Midwest Corn 
Belt (Gaudin et al., 2013). As discussed earlier, diversity from inclusion of small grains 
(e.g., winter wheat, barley and oat) in crop rotations and replacing bare winter fallow 
with CCs can increase C storage (Gaudin et al., 2013). In a system where crop rotations 
with gramineous species such as, rye is used as a winter soil cover after main crop 
harvest, it can decrease NO3 concentration though residual N uptake during early growth 
stages and immobilize during residue decomposition process in the forthcoming crops 
(Thorup-Kristensen et al., 2003). So, by improving nutrient use efficiency through 
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decreasing the soil N concentration, these residues from increased rotation complexity 
and CCs can increase SOC and mitigate GHG losses (Baggs et al., 2000). However, the 
availability of energy-rich C organic material also support denitrifies and microbial 
decomposers (Kennedy, 1999; Wienhold et al., 2013), thereby lead to greater 
decomposition and higher GHG emissions in fertilized soils (Kaiser et al., 1998; Millar et 
al., 2004). It is therefore a result of interactions between microbes and the substrate 
supply that regulate the rate of GHG production and C sequestration in soil under a 
similar environmental conditions (Schimel and Schaeffer, 2012; Wang et al., 2003). 
Carpenter-Boggs et al. (2000) reported that diverse crop rotations had greater N 
mineralization than corn-soybean rotation under no fertilization plots. It can thus, be 
inferred that in addition to greater substrate availability from fertilizers (Snyder et al., 
2009), greater residues produced under rotation intensification can also lead to N2O 
emissions.  
Cover crops such as rye, might mineralize slowly and increase C sequestration in 
the soil and effectively maintain it at a higher level than fallow soil (Tribouillois et al., 
2018). Some of the Midwest U.S. Corn Belt studies (e.g., Mitchell et al., 2013; Parkin 
and Kaspar, 2006) showed no significant differences in N2O fluxes between CC 
treatments. Numerous studies have confirmed that CCs build SOC content depending 
upon their biomass production but simultaneously increase soil respiration as compared 
to the no-cover crop plots (Haque et al., 2015; Liebig et al., 2010). Furthermore, 
composition of residues (i.e. C:N ratio, lignin content) and their biomass can affect soil 
fertility (Olesen et al., 2007) and numerous soil properties, including soil temperature, 
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water holding capacity or soil structure (Abagandura et al., 2019; Benitez et al., 2017), all 
of those influencing the processes leading to the GHG emissions.  
2.2.4. Crop yield and economics 
For a cropping system to be sustainable, it must also be profitable. Concerns 
about economic feasibility appear to be a dominant factor that deters adoption of 
conservation cropping systems (Dunn et al., 2016). Producers often focus on short-term 
profitability and net return for the whole system when selecting cropping systems 
(Meyer-Aurich et al., 2006). Therefore, it is of great importance to review the economic 
and agronomic performances of cropping systems that include different combinations of 
tillage, crop rotation and CC in regards to the full length of management factors and not 
just individual components in isolation of the others (Al-Kaisi et al., 2015; Stanger et al., 
2008b).  
Despite soil health benefits from conservation practices as discussed in previous 
sections, there has been a considerable research showing inconsistent findings on crop 
productivity under different soils and environmental conditions. For example, Hairston et 
al. (1984) reported that soybean yield decreased under NT as compared with fall-chisel 
plowing system under silty clay soils. Others also noted decline or no influence on 
individual crop yield followed by NT as compared with tilled systems (Daigh et al., 2018; 
Dick et al., 1986; Hammel, 1995; Pittelkow et al., 2015). It is understandable that the 
amount of residue retention under NT on the soil surface would be greater than that under 
a tilled system. This can lead to interference in seed germination, delayed plant 
emergence and development due to less light interception with corresponded higher cold 
soil temperature coupled with wet conditions (Hatfield, 2014; Sindelar et al., 2013). 
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Therefore, the reduced plant response at early crop growth stages might result in lower 
biomass production and thereby relatively less grain yield under the NT system. The corn 
yield reduction values under NT was also documented in similar environments in Iowa 
by Al-Kaisi et al. (2015) and in Minnesota by Vetsch et al. (2007). Other studies have 
concluded that tillage ameliorates any root-disease pressure that may exist under the 
continuous NT system and thus, winter wheat yield could suffer from the NT 
management as compared with the tilled management (Ellis et al., 1979; Hammel, 1995). 
DeFelice et al. (2006) concluded that NT tends to generate higher yield in regions with 
high temperature and/or unfavorable rainfall, but lower yields in Northern United States 
and areas where soils are poorly drained. In contrast, individual crop yield under NT 
system could increase when crops are planted in rotations (Katsvairo and Cox, 2000; 
Wilhelm and Wortmann, 2004). Anderson (2016) reported that by increasing cropping 
intensity two-fold, the corn yield under NT increased by 116% compared with the 
conventional tillage system in South Dakota. Increment in soybean yield with NT than 
the CT when rotated with corn is reported by Pedersen and Lauer (2003) in Wisconsin 
soils. No reduction in soybean yield is reported when rye-CC was managed properly with 
herbicides for weed control under Midwestern studies (e.g., Bauer, 1991; De Bruin et al., 
2005).  
When considering the crop yield and economics of diversified cropping systems, 
time horizon matters because soil quality and crop yields cannot improve overnight 
(Ibrahim et al., 2015). In this case, long-term experiments are desirable because they 
delineate stability and risks of management practices due to year-to-year variability in 
weather, pest pressure, and crop prices. Tonitto et al. (2006) emphasized that different 
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temporal scales in the experiment may influence yield under the cover cropping system. 
It is assumed that as the number of CC years increase, soil quality can improve over time 
and thereby increments in corn and soybean yields can be expected (CTIC and SARE, 
2013). Plastina et al. (2018) conducted a survey and reported that CC generates lower net 
returns than the no-cover crop in the short term, unless it is used for on-farm benefits 
such as grazing livestock, or cost-share payments from government is received, both of 
which are not accounted for in our study. The latter part is even more important for the 
producers who are at the beginning stage of experimenting with growing CC in their 
fields. Various studies suggested that long-term use of conservation practices (e.g., NT, 
CCs and diversified crop rotations) could reduce production risk and increase 
profitability (Karlen et al., 2013; Mbuthia et al., 2015; Soule et al., 2000). For instance, a 
study conducted by Liebman et al. (2008) in Iowa found that net returns were highest for 
the 4-yr (corn-soybean-small grain + alfalfa -alfalfa), lowest for the 3-yr [corn-soybean-
small grain + red clover (Trifolium pratense L.)], and intermediate for the 2-yr rotation. 
This is partly due to the reduced use of synthetic N fertilizer and herbicide in diversified 
crop rotations (3-and 4-yr), which in comparison with 2-yr rotation was reduced by 59 
and 76% in the 3-yr rotation and 74 and 82% in the 4-yr rotation, respectively. Stanger et 
al. (2008a) reported similar findings with corn having the highest costs. 
Long-term studies have shown that crop yields could increase (Heck et al., 2013; 
Smith et al., 2008), remain unchanged (Delate and Cambardella, 2004; Smith and Gross, 
2006) or decrease (Porter et al., 2003) due to complexity of crop rotation. The 
inconsistent response of crop yields to management factors such as tillage and rotation is 
understandable because individual crop interact differently with soil types, crop 
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management practices (Krupinsky et al., 2006) and fluctuating weather conditions 
(Gaudin et al., 2015). Therefore, to develop efficient and profitable agroecosystems, there 
is a need to understand the interaction between location specific management practices 
with certain crop rotations and tillage combinations (Anderson, 2005; Sakurai et al., 
2011). Wade et al. (2015) reported that choice of tillage depends on crop in practice, 
where NT system is more advantageous for soybeans than corn. 
 
2.3. Interactions between rotation, tillage and cover crops 
 Soil management decisions, especially for residue-related practices such as tillage 
(NT vs tillage), crop rotations (simple vs diversified), and cover cropping system (CCs vs 
fallow) occur concurrently on the farm. For instance, farmers with crop-livestock 
integration like to grow CCs and hay crops for grazing and forage and thus it promotes 
diversity on the farm. Similarly, choice of tillage depends on the crop or cropping 
practice. Claassen et al. (2018) stated that NT adoption is higher in wheat and soybeans 
than corn. These choices promote complementary resource-use and thus interact to 
determine an operation’s profitability. 
At the field level, soil health principles (e.g., NT, permanent soil cover, and crop 
rotation) promote soil ecological interactions and processes that occur with time. Duru et 
al. (2015) speculated that it takes more than 10 years to see positive interactions between 
these soil health principles. It is because soil health management develops a complex 
dynamic ecosystem, which is determined on the slow (e.g. SOM and crop yield) and fast 
variables (e.g. labile pools of SOM and enzymes). The later affects day-to day soil 
functioning and creates conditions under which the former occur over the time (Duru et 
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al., 2015). Pittelkow et al. (2015) aforementioned that implementing only one or two of 
these principles may lead to negative impacts on yields. Hence, their impact on crop 
production and soil quality cannot be fully understood in isolation. Listed below are some 
examples related to soil parameters and yield response to interactions between soil 
management practices.  
2.3.1. Influence on selected soil properties 
Interactions among management practices influence biogeochemical cycling of 
nutrients because it alters quantity, quality and distribution of SOM inputs. Under a 
diversified rotation and cover cropping system, different crop species can lead to a 
greater abundance and diversity of plant litter from rhizodeposition of roots and crop 
inputs (Franzluebbers et al., 1995; Spedding et al., 2004). This influences SOC 
concentration, and can be modified by the choice of tillage system. López-Bellido et al. 
(2010) reported more SOC sequestration under NT system with continuous wheat and 
wheat-faba bean rotation, while under CT system (moldboard + disk harrowing), wheat-
sunflower sequestrated more SOC than NT system in a 20-yr experiment on a clay 
textured Vertisol (Typic Haploxererts) soils. Tillage manipulates cropping sequence by 
mixing residues left on the soil surface. Studies (e.g., Balota et al., 2003; Balota et al., 
2004) have reported that corn-wheat rotation had greater MBC and enzymatic activities at 
the 5- to 10-cm depth as compared to soybean-wheat and cotton-wheat rotations under 
CT system (disking + harrowing), whereas there was no effect between rotations under 
the NT system on an Oxisol (Typic Haplorthox) soil. Authors attributed this effect to the 
greater amounts of substrate for microbial growth and production of enzymes due to high 
biomass production of corn (about 9 tons ha-1 yr-1) and its spatially distribution by tillage 
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in the soil profile. Zhang et al. (2018) reported that NT system increased bulk density and 
SOC concentration, whereas there was no change under moldboard plowing under the 
corn-soybean rotation. However, NT and moldboard tillage had similar bulk density and 
SOC concentration under monoculture of corn.  
 Cover cropping enhances rotation complexity, but this positive effect of biomass 
input can vary between rotations and tillage. In a 2-yr legume based crop rotations, 
Lupwayi et al. (1998) reported that microbial diversity was significantly higher under 
wheat preceded by red clover green manured CC or field peas than under wheat 
following wheat (continuous wheat) or summer fallow. Under NT system, replacement of 
winter fallow with the possibility of growing an extra CC right after the harvesting main 
crop, can supply C-rich residues to the soil (Restovich et al., 2005). This increase in the C 
concentration can be refuted due to mineralization when CC residues are incorporated 
into the soil by tillage (Bowman et al., 1999). Mazzoncini et al. (2011) also noted that CT 
system requires highly productive CCs to maintain same levels of SOC and TN 
concentration as compared to the NT system. Furthermore, CCs can facilitate root growth 
of succeeding crops (Calonego et al., 2017) and their biomass can help to reduce the 
kinetic energy of rain drops (Haruna et al., 2018a), especially under the NT system. 
Mitchell et al. (2017) demonstrated that CC increased water infiltration as compared to 
no-CC under the NT system, whereas there was no difference under the CT system 
(disking + shank subsoiling). Lampurlanés and Cantero-Martinez (2003) reported higher 
bulk density with fallow and crop after fallow as compared to continuous crop plots 
under NT system.  
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2.3.2. Influence on crop yield  
Interactions between soil health management practices and their effects on crop 
yields are complex and often site-specific. Crop rotations enhance functional 
complementarity, and produce different synergisms between plant species across time, 
space and tillage system. Wilhelm and Wortmann (2004) reported that corn-soybean 
rotations though enhance corn grain yield during years of cool springs, but this weather 
effect was not observed for soybean grain yield. Several studies (e.g. Dick et al., 1991; 
Lund et al., 1993) have concluded that yield increased with NT compared with tillage is 
more likely with corn in rotations than continuous corn. Mtyobile et al. (2019) reported 
higher wheat yield with 3-yr corn-soybean-wheat rotation than 2-yr corn-soybean rotation 
under NT system, whereas, it was no different under CT (moldboard + disk harrowing) 
system in a sandy loam soil. Plaza-Bonilla et al. (2016) reported that CC has no influence 
on durum-wheat grain yield under rotation without legume (sorghum-sunflower-durum 
wheat), but it showed positive interaction with rotations that contain one or two legumes 
in their cropping sequence (sunflower-winter pea-durum wheat and soybean-spring pea-
durum wheat).  
 
2.4. Barriers to the adoption of diversified cropping systems 
Despite the potential benefits of cropping systems diversity as discussed in 
previous sections, adoption of diversification has been slow for a number of reasons. 
Some overview of factors that may influence farmers’ decisions to use diversified crop 
rotations in the U.S. Corn Belt region are discussed below.   
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Productivist paradigm: The Corn Belt fits within high-yield production regime (defined 
as “productivist paradigm”) that has enforced the corn-soybean cropping systems due to a 
suitable soil type, topography and availability of water (Bowman and Zilberman, 2013). 
This specialization has formed the “dominant and self-reinforcing” structure that 
influence farmer decision making at the field, landscape, and human-institutional scale 
(Geels, 2011). In other words, it is a “lock-in” effect that corn and soybeans remains the 
norm for farmers and thus it appears to be difficult to change it (Meynard et al., 2013). 
Decrease in crop productivity: There is a potential risk of decrease in crop productivity, 
especially at the beginning or during transition from the current conventional farming 
systems to diversified systems. Pittelkow et al. (2015) conducted a global meta-analysis 
and concluded that NT reduces yields in the first few years following adoption. 
Rusinamhodzi et al. (2011) conducted meta-analysis from experiments lasting ≥ 5 years 
under rain-fed conditions in semi-arid and sub-humid environments; and concluded that 
maize grain yield was reduced by 56% when NT system was practiced without any mulch 
cover. 
Lack of economic or market opportunities: Diversified cropping systems are not 
economically attractive to farmers, and thus are main roadblocks to their widespread 
adoption. Several farmer survey-based modelling studies have confirmed this hypothesis 
(Roesch-McNally et al., 2018). Corn and soybean constitute two of the most 
economically valuable agricultural commodities in the region not only due to their broad 
impact on global food supply, but also because of established markets and unprecedented 
price in the recent past. In comparison, profitability from alternate crops such as oats, 
wheat, hay, canola, and barley is reported to be less than for corn or soybeans (Chase et 
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al., 2016; Nafziger, 2009b). Another important factor which is tied to economic 
constrained is the lack of markets for these alternative crops that could be used to extend 
crop rotations. So, established markets and unprecedented price has driven up the acreage 
planted for corn and soybeans, at the cost of other crops such as wheat. 
Policy constraints: Current subsidy payment programs encourage intensification in corn-
soybean production systems because incentivizing is determined by acreage of crops 
under production. Boody et al. (2005) mentioned that between 1995 and 2002, corn and 
soybean farmers alone received 56% of the $91.2 billion disbursed money in commodity 
payments. Such economic incentives favor greater production of fewer species at the 
expense of diversified agricultural systems. 
High costs of land: Increased cost of lands is another limiting factor that has led to 
abandoned use of extended rotations. Farmers are focused on maximizing the annual 
profits/hectare, which favors high commodity crops such as corn and soybeans, as 
discussed above.  Furthermore, rented croplands are tied to what landlords might want to 
see on their rented ground. Huge investments on tile drainage, irrigation and machinery 
also foster simple rotations.  
Production constraints: Lack of technical knowledge is another major barrier to 
diversify the cropping system. Larsen (2015) highlighted that farmers in Iowa are 
interested in growing small grains, but due to lack of research, technical know-how and 
production information about small grains, they are not confident in their background and 
ability to grow small grains. Lin (2011) cited that monocultures being more productive in 
biomass production than diversified systems is a misbelief, which act as hindrance in 
promoting diversity in agriculture system. This holds true in case of cover cropping 
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system, where the goal is to maximize biomass production of one or two specific cover 
crops.  
 
2.5. Summary of the Literature Review and Research Gaps 
 Agriculture production recently more strongly driven by the use of agrochemicals 
to enhance the crop yields to meet the food demand. However, these external inputs can 
lead to soil and ecosystem degradation and unsustainable resource use, and promote 
specialization of agricultural systems such as annual cropping systems (i.e. corn and 
soybean in US Corn Belt), which could disassociate crop production from ecological 
functions. The long-term implications of less diversified and input-intensive agricultural 
systems have threatened biological sustainability of agriculture, ecosystem services, and 
increased yield gaps; a negative outcome for both sustainability and agricultural 
productivity as mentioned earlier in this review. Alternatively, an approach of ecological 
intensification of agriculture based on knowledge of the links between agricultural 
practices and sustainability can create win-win scenarios for both conservation and 
agricultural production. 
From this literature review, it is clear that there have been a wide range of studies 
conducted separately on tillage, crop rotations and CCs over many years. These studies 
have been conducted for several reasons, including crop yield, soil properties, GHG 
emissions, or for economic comparisons. It seems though, that whatever the reason, the 
results obtained so far have been variable and indeed, there are very few studies in which 
most principles of soil health (soil armor, minimum soil disturbance [NT], plant diversity 
and continual live plant/root [CCs]) are covered in a single experiment. The majority of 
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studies report positive effects of soil conservation practices, but the length and 
complexity of rotations has continued to decline in the Corn Belt of US. Inclusion of 
small grains and CCs have proposed as management alternatives to diversify cropping 
systems in the region. However, the information is lacking on the influence of small 
grains and winter CCs on soil properties and economic opportunities. Since direct, 
immediate economic benefit is not necessarily derived from CC, farmers must make a 
profit on their cash grain crop. However, CC addition may not always come up with yield 
enhancement of cash crop and result in increased direct and indirect costs which 
potentially reduce net income for farmers. Hence, there is a need to understand 
operational risks and economic evaluation of CC and small grains for costs and benefits. 
The growers will adopt CC and small grains if they know economic returns and risks 
associated with the operation. Therefore, to develop efficient and profitable 
agroecosystems in the region, there is need to understand the interaction of location-
specific management practices with certain crop rotations, CCs and tillage combinations 
and their influences on soils, crop yield, environment and economic performance. 
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SEASONAL CHANGES OF SOIL CARBON FRACTIONS AND ENZYME 
ACTIVITIES IN RESPONSE TO WINTER COVER CROPS UNDER LONG-
TERM ROTATION AND TILLAGE SYSTEMS 
ABSTRACT 
Quantifying changes in soil biochemical properties is important in understanding the 
response of soil management practices. Our objectives were to evaluate the single and 
combined effects of three different crop rotations [maize (Zea mays)-soybean (Glycine 
max) (2-yr), maize-soybean-oat (Avena sativa) (3-yr), maize-soybean-oat-winter wheat 
(Triticum aestivum) (4-yr)], and two winter cover type (cover crop and no-cover crop) 
managements under long-term conventional-till (CT) and no-till (NT) systems on water 
extractable carbon and nitrogen fractions, microbial biomass carbon (MBC), and 
enzymatic activities. The experimental site under silty clay loam in southeastern South 
Dakota was sampled before planting in early spring, after planting in early summer, and 
during maize grain-filling stage in early fall of 2017 from surface 0-7.5 cm depth in 2017. 
In general, the cover crops had 9, 17 and 19% higher geometric mean of enzyme 
activities than the no-cover crop plots at pre-planting, after planting and grain-filling 
stage of maize, respectively. Although, there were not many differences between ‘NT vs 
CT’ and ‘2-yr vs 3-yr vs 4-yr rotation’ treatments, but additive effects between ‘tillage 
and cover crops’ and ‘rotation and cover crops’ were observed. The MBC and β-
glucosidase activity were 31 and 54%, respectively, higher with cover crop vs. no-cover 
crop under 4-yr rotation after planting of maize. Similarly, significant interactions 
between ‘cover crop and tillage’ for hot water extractable nitrogen and urease activity at 
pre-planting, and β-D-glucosidase after planting of maize was observed. At grain-filling 
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stage, the hot-water extractable contents were significantly greater under cover crop as 
compared to the no-cover crop plots. Furthermore, this study also concluded that seasonal 
fluctuations are important to understand the management impacts on soil carbon fractions 
and biochemical properties. 
 
Keywords: Seasonal variations, no-till, cover crops, labile carbon fractions and enzymes. 
 
3.1. Introduction 
Diversified cropping systems and no-till (NT) provide many functional 
complementary benefits to the soils (Verhulst et al., 2011), primarily due to the increased 
soil organic carbon (SOC) and total nitrogen (N) content (Maiga et al., 2019). Despite the 
success of NT adoption in the Midwestern Corn Belt of the United States (Horowitz et 
al., 2010), this region is however marked by a low crop diversity due to predominance of 
maize-soybean rotation (Chatterjee et al., 2016) and long periods of fall-winter fallow. 
Therefore, in the long-run, reduced agricultural crop biodiversity has the potential to alter 
SOM contents (Halvorson & Schlegel, 2012) and belowground soil biochemical 
processes (McDaniel et al., 2014). Optimum amount of residues and crop diversity are 
therefore needed to maintain SOM stability in the agroecosystems.  
Replacement of winter fallow by growing a cover crops received increased 
attention among farmers and researchers for their ability to provide economic benefits 
(Wyland et al., 1996) and C-rich residues to the soil surface (Restovich et al., 2005). 
These cover crops are usually planted after harvesting the main crop, and can reduce N 
loss by absorbing residual fertilizer (Mitchell et al., 2000) and in return, can supply 
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nutrients to following crops (Trujillo, 2002) and support rapid nutrient cycling through 
increased microbial biomass contents (Steenwerth & Belina, 2008). However, benefits 
from cover crops depend on the productivity or amount of biomass produced (Hubbard et 
al., 2013), how long it stays on the ground before next crop, and also longevity of the 
experiment. In the Midwest cropping system, as there is a very small window (fall 
through spring) after summer crops (corn and soybeans) for planting winter cover crops, 
thus, the biomass returned to the soil from these cover crops is not significant. In addition 
to the quantity, the quality of cover crop residues (as defined by the C/N ratio) also 
stimulate the decomposition of SOM (Sainju et al., 2005), and alter soil C and N 
dynamics in the soil. Indeed, increase in the C concentration from cover crops can be 
negated due to mineralization when residues are incorporated into the soil by tillage 
(Bowman et al., 1999). Therefore, changes in SOC rarely occur at initial years of 
introducing cover crops, Ding et al. (2006) demonstrated that labile fractions of SOM and 
enzyme activities to be the most affected in the initial years. 
 Determination of different labile fractions of SOM are now considered as an 
efficient tool to detect shifts in C and N pools due to soil management compared with the 
total SOM (Insam & Domsch, 1988; Chatterjee et al., 2016). For instance, water 
extractable and microbial biomass defined fractions are increasingly used to interpret the 
active C status in the soil because of its rapid turnover time (Ghani et al., 2003) and 
direct participation in biochemical transformation of nutrient cycling (Lagomarsino et al., 
2009). Because these pools vary in their chemical composition and stage of 
decomposition, knowledge of how C pools change with management practices can 
provide valuable information on likely soil functioning and health. In addition, activity of 
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soil enzymes is recommended to be used for detecting early changes in soil management 
long before other indicators are detectable (Aon et al., 2001). Published studies have 
shown that seasonal crop growth can influence biogeochemical cycling of nutrients by 
altering quantity, quality, and distribution of SOM from rhizodeposition of roots and crop 
inputs (Franzluebbers et al., 1995b; Spedding et al., 2004). The rate of C input (Campbell 
et al., 1997) and availability of nitrogen resources (Six et al., 2004) are the dominant 
factors controlling the availability of microbial dynamics in the soil, which is also 
influenced by nutrient availability, soil moisture, and temperature (Czyż & Dexter, 2008; 
Geisseler et al., 2011). These factors entail spatial and temporal variability in the 
accretion of labile C and enzymatic activities of the soil (Wolinska et al., 2015), while, at 
the same time cause differences in the C and N mineralization rates (Koranda et al., 
2013). Thus, to understand better how crop management residues may contribute to soil 
biological processes, both of active C dynamics and enzymatic activities should be 
monitored seasonally.  
A very few studies are available to show the effect of winter cover crops on soil 
biochemical and active carbon availability under long-term history of diverse rotation 
systems managed with different tillage systems. We hypothesized that (i) crop rotations 
and NT system for longer duration may result in a greater microbial biomass, water-
extractable carbon fractions, and enzyme activities relative to maize-soybean (2-yr) 
rotation and CT system, respectively and (ii) winter cover cropping may impact microbial 
dynamics, whereby, this effect may influenced differently by rotation and tillage system 
during the growing season. The study objectives were to: (i) investigate the impact of 
different length of rotations and tillage (CT and NT) on water extractable carbon 
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fractions, microbial biomass, and enzyme activities at different sampling dates, and (ii) 
study the impacts of cover cropping (cover crop vs. no-cover crops) under different 
tillage and rotation on soil microbial activity at different sampling times.  
 
3.2. Materials and Methods 
3.2.1. Study site, treatments and experimental design 
A long-term ‘Rotation by Tillage’ experiment was initially established in 1991 at 
the Southeast Research Farm of the South Dakota State University near Beresford, 
United States (43°02’58”N, 96°53’30”W). Cover type treatments were introduced into 
the site following the main crops harvest in the fall of 2013 to understand their potential 
environmental and agronomic benefits. The experiment field has the Egan soil series 
(Fine-silty, mixed, superactive, mesic Udic Haplustolls) with a slope of 0-1%. The mean 
long-term annual temperature ranges from -14.1°C in January to 31.8°C in July and the 
mean long-term annual precipitation is 627.4 mm.  
The trial was set up with rotation as the main plot and tillage as the split plot was 
initially established in 1991, in a complete, randomized block design with four 
replications. The rotations were: (i) 2-yr, maize-soybean; (ii) 3-yr, maize-soybean-oat; 
(iii) 4-yr, maize-soybean-oat-winter wheat; and the two tillage systems included: (i) 
conventional-till (CT) and no-till (NT). Since the fall of 2013, ‘rotation by tillage’ 
combinations of six treatments were later arranged in split-split plot design with cover 
type as a sub-sub plot factor with two levels, which resulted in a total of 48 plots of 10 m 
length and 90 m width each. The cover type treatments were; (i) cover crop (winter rye 
[Secale cereale L.] and blend of legumes/brassica); (ii) no cover crop, as a control. 
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All crop phases of each rotation were planted on separate individual plots every 
year. These plots were then planted with crops in sequence in succeeding years of the 
rotation. Each year, crop management practices were similar across different rotations. In 
general, crops were planted in May and harvested in October. Fertilizers and herbicides 
for all available plots were applied at conventional rates to ensure that crop productivity 
was not adversely affected by soil fertility and weed competition, respectively. No 
adjustment in fertilizer rates were made in accordance to crop rotation and cover crops N 
credits during the management of various crops. The small grain crops (oat and winter 
wheat) under the 3- and 4-yr rotation were not consistent; however, maize and soybeans 
were always consistent in the rotation. The 3-yr rotation was initially started with corn-
soybean-spring wheat until 2005, and then field pea was substituted for spring wheat and 
the rotation pattern became corn-field pea-soybean for 2006-2010 period. Similarly, the 
4-yr rotation initially included corn-soybean-spring wheat-alfalfa until 2005, and then 
transitioned to corn-field pea-winter wheat-soybean sequence for 2006-2010 growing 
period. From 2011 onwards, the cropping sequences for both 3-yr and 4-yr rotations 
remain unchanged. 
All CT plots were disked and chisel plowed following the harvest of small grains 
and maize during the fall season, and then field cultivation was performed for seedbed 
preparation to plant crops in the next spring season. The soil in the NT plots was not 
disturbed except for planting using a no-till planter. Cover crops were planted after grain 
harvest; rye was always cultivated after maize harvesting in every rotation and broadleaf 
blend of legumes and Brassica spp. after harvesting small grains. In the next spring, rye 
was killed off by herbicide at flowering stage, whereas, blend was killed by winter 
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weather. There was no-cover crop after harvesting of soybeans. Fertilizer application 
consisted of 200 kg N ha-1, 37 kg P ha-1, and 22.5 kg S ha-1 applied as base fertilizer for 
maize on May 10. 
3.2.2. Sample collection and analytical methods 
By the time soil samples were first removed in as early of 2017, treatments of 2-, 
3- and 4-yr respectively, completed 13, 8 and 6 full-rotation cycles since 1991. Soil 
sampling was conducted at three separate times during the growing season, (i) pre-
planting in early spring (23 February), (ii) 6 weeks after planting in early summer (23 
June), and (iii) during grain-filling in early fall (September 3) of 2017. In each plot, soil 
was replicated four times at surface depth (0-7.5 cm) using a manual soil probe in a 
nontrafficked interrow. After removing easily identified plant materials such as stalks and 
leaves, a composite sample was prepared for the laboratory analysis. Soil samples were 
kept fresh and stored in sealed plastic bags at 4°C pending analysis. For a particular 
assay, all the treatments within a replicate performed on the same day to account for any 
variation due to length of sample storage. 
Soil moisture content was determined at the time of sampling event by drying the 
sample at 105°C for 48h. In laboratory, microbial biomass carbon (MBC) and nitrogen 
(MBN) were analyzed using chloroform fumigation and direct extraction with K2SO4 
(Brookes et al., 1985; Vance et al., 1987). The water extractable carbon fractions were 
carried out by schematic procedure described by Ghani et al. (2003). A 3 g of soil was 
added to 30 ml of water and put for shaking on vortex and rotatory shaker for 10s and 30 
minute at 40 rpm respectively. After extraction, the suspension was centrifuged at 3000 
rpm for 25 minute at 4°C. The filtrate obtained by using 0.45µm membrane filter is 
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water-soluble carbon and nitrogen. A further 30 ml of water added to the remaining 
residue and put on a vortex shaker for 10s. The suspension left in hot-water bath at 80°C 
for 12-15 h. After extraction, the suspension again put on vortex shaker for 10s and then, 
centrifuged at 3000 rpm for 25 minute at 25°C. The filtrate obtained by using 0.45µm 
membrane filter is hot water extractable carbon and nitrogen. The carbon and nitrogen 
contents in filtrate were analyzed with a Shimadzu TOC analyzer.  
Urease activity was determined by the buffer method proposed by Kandeler and 
Gerber (1988) where ammonium (NH4-N) released was estimated colorimetric at 660 nm 
after a 2-hour incubation of soils and expressed as µg NH4-N g
-1 soil 2 h-1. β-D-
glucosidase activity was assayed according to Eivazi and Tabatabai (1988), using the 
substrate analogue para-nitrophenyl-β-D-glucopyranoside (pNPG) and absorption of 
released para-nitrophenol (pNP) at 405 nm in field-moist soil samples. Phosphatase 
activity was determined using p-nitrophenyl phosphate as the substrate and soil samples 
incubated at pH 6.5 for 1h as described by Tabatabai (1982). Activities of arylsulfatase 
were determined as described by (Hart et al., 1994). The geometric mean of assayed 
enzyme activities for each sample was calculated as: GMea = (urease x β-D-glucosidase 
x phosphatase x arylsulfatase)1/4. The metabolic index or specific activity was calculated 
by dividing the total enzymatic values (as GMea) by the value of MBC (Herencia, 2018). 
3.2.3. Data analysis 
Treatment differences in water extractable carbon fractions and biochemical 
parameters were analyzed with the general linear mixed model procedure of Statistical 
Analysis System (SAS) software version 9.4 (SAS Inc., 2013). Sources of variation 
included rotation (main plot), tillage (split plot), cover type (split-split plot), sampling 
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date (repeated measure) and their interactions. Because the sampling date factor was 
highly significant for all parameters, statistical analysis was then, performed with three 
samplings dates analyzed separately in four replicates, and the results expressed as mean 
values. Data normality was tested prior to the analysis and whenever necessary, variables 
were transformed according to minimal lambda value if equal variances were not met 
(Bartlett test). Analysis of variance (ANOVA) for split-split-plot design further 
conducted when variances within treatments were homogenous. When significant 
differences were detected, the comparison between treatment means was applied using 
the LS Means procedure by setting the probability of Type I error alpha level (α) at 0.05. 
 
3.3. Results 
3.3.1. Effect of sampling time on dynamics of selected soil parameters 
Gravimetric soil moisture content varied among all the three sampling times with 
significant higher content was observed in February than in June and September sampling 
dates (P<0.001). However, study treatments did not have any impact on moisture content 
when data analyzed within each sampling date (Table 3.1 and 3.4). 
Measures of carbon and nitrogen fractions, and enzyme activities also illustrated 
variations throughout the time. Averaged across experimental factors (rotation, tillage 
and cover type), both MBC and water extractable carbon contents were highest during 
grain-filling followed by after planting and at pre-planting of maize (Table 3.2). The 
MBN and water soluble nitrogen fractions showed dissimilar trend to their respective 
carbon pools and were higher after planting of maize (Table 3.2). Soil β-glucosidase, 
phosphatase and arylsulfatase enzymes also showed significant effect due to sampling 
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date. Overall, soil enzyme activities (absolute as well as GMea and specific activity) 
peaked during the spring season than in the summer and fall season (Table 3.4). 
3.3.2. Effect of treatments on soil microbial biomass carbon and nitrogen 
Averaged over tillage and cover types, rotation had a significant influence on 
MBC only after planting, with the highest value was observed with 2-yr than 4-yr 
followed by 3-yr rotations (Tables 3.1 and 3.2). However, the degree of increment under 
4-yr rotation was higher in cover crop than in no-cover crop, led to a significant ‘rotation 
by cover type’ interaction (Fig. 3.1a). 
Averaged across tillage and rotations, the MBN was 66% greater under cover 
crop as compared to the no-cover crop at the pre-planting of maize (Table 3.1 and 3.2). 
After tillage during seedbed preparation, MBN contents improved significantly under CT 
by 48% than the NT plots. At grain-filling stage of maize, our study observed a 
significant interaction of ‘tillage by cover type’ on MBN contents. Averaged over 
rotation, MBN contents were 40% increased with CC than the NC under CT plots (Table 
3.5). 
3.3.3. Effect of treatment on water-soluble carbon and nitrogen contents 
The effect of cover type was significant only before planting of maize; where 
cover crop treatments had 25% more water-soluble carbon concentration as compared 
with no-cover crop (Table 3.1 and 3.2). The effect of rotation on water-soluble carbon 
concentration was significant after planting and grain-filling stage (Table 3.1). ‘Rotation 
by cover type’ interaction was statistically significant after planting of maize (Table 3.1). 
Averaged over tillage systems, the water-soluble carbon content was higher with cover 
crop than the no-cover crop plots only under 3-yr rotation (Fig. 3.1b). The cover crop did 
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not impact water-soluble carbon contents in any rotation, however, 2- and 4-yr rotation 
had higher water-soluble carbon than the 3-yr rotation under no-cover crop treatment. At 
grain-filling stage under 4-yr rotation, the water-soluble carbon concentrations increased 
by 13 and 50%, respectively, compared with 2-yr and 3-yr rotations, irrespective of 
tillage and cover type (Table 3.2).  
The cover crop led to a significant increase in water-soluble nitrogen before 
planting compared to the no-cover crop plots (Table 3.2). The effect of tillage on water-
soluble nitrogen concentration was significant only after planting where CT had 40% 
more water soluble nitrogen concentration as compared with the NT plots (P<0.05). 
3.3.4. Effect of treatment on hot water extractable carbon and nitrogen contents 
The effect of management factors on hot water extractable fractions was 
significant at pre-planting and grain-filling stage of maize (Table 3.1). The hot-water 
carbon was 34 and 10% higher under cover crop than no-cover crop at pre-planting and 
grain-filling stage, respectively (Table 3.2). The hot-water nitrogen followed a similar 
seasonal pattern to that of hot-water carbon with respect to differences between cover 
crop and no-cover crop treatments. The cover crop increased the hot-water nitrogen 
contents by 29 and 15% than the no-cover crop at pre-planting and grain-filling stages, 
respectively. Test of individual effect of tillage on hot-water carbon content was 
significant at grain-filling stage of maize (Table 3.1). Averaged over cover type and 
rotation, the NT had 12% higher hot-water carbon than the CT system. 
Furthermore, ANOVA showed significant ‘tillage by cover type’ interactions for 
hot-water nitrogen at pre-planting sampling stage (Table 3.1). Winter cover crop had 62% 
higher hot-water nitrogen content than no-cover crop under NT system (Table 3.5). With 
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respect to tillage system, NT had higher hot-water nitrogen contents as compared to the 
CT system under cover crop plots, whereas, opposite trend was observed under no-cover 
crop plots. 
3.3.5. Effect of treatment on extracellular soil enzyme activities 
With the exception at pre-planting, the rates of β-glucosidase were significantly 
influenced by cover type (Table 3.3). The ANOVA showed significant interaction effect 
between ‘rotations by cover type’ after planting of maize (Table 3.3). Averaged over 
tillage systems under no-cover crop plots, the β-glucosidase activity was significantly 
higher with 2-yr rotation as compared with the 3- and 4-yr rotations (Fig. 3.2b). However, 
the effect of cover type was dissimilar under 4-yr rotation irrespective of tillage system. 
In the same sampling event, ‘tillage by cover type’ interaction reflects that the β-
glucosidase activity under cover crop was significantly higher than the no-cover crop 
plots under CT system (Fig. 3.2a). The β-glucosidase activity did not vary significantly 
among cover types under NT system, whereas, under cover crop plots, the CT responded 
higher β-glucosidase contents than NT system. Averaged over rotation and tillage system, 
the β-glucosidase was 25% higher in cover crop than the no-cover crop at grain-filling 
stage. 
The effect of tillage on urease activity was noticeable before and after planting of 
maize (Table 3.3). Before planting, NT had higher urease activity as compared to CT 
system under no-cover crop plots (Table 3.5). However, degree of increment under CT 
was 84% higher in cover crop than no-cover crop plots, leading to a significant ‘cover 
type by tillage’ interaction. Averaged across cover type and rotation, NT led to an 
average increase of 23% greater urease activity relative to the CT system in summer 
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sampling date. The effect of cover type on urease activity was significant only at grain-
filling stage (Table 3.3). The cover crop plots had 29, 6, and 30%, respectively, higher 
urease activity than the no-cover crop plots at pre-planting, after planting and at grain-
filling stage of maize. 
Similar to phosphatase activity, there was no individual effect of rotation and 
tillage system at any sampling event on arylsulfatase activity (Table 3.3). Cover type had 
a significant influence on the arylsulfatase activity at grain-filling stage of maize, with the 
highest rates in cover crop as compared to no-cover crop irrespective of rotation and 
tillage systems (Table 3.3 and 3.4). 
The GMea of enzyme activities showed a clear trend in terms of cover type; it 
was higher in cover crop than the no-cover crop plots (Table 3.3 and 3.4). The cover crop 
had 9, 17 and 19% higher GMea of enzymatic activities than the no-cover crop at pre-
planting, after planting and grain-filling stage of maize, respectively. Further, ANOVA 
showed significant ‘tillage by cover type’ interaction on GMea and specific enzyme 
activity at pre-planting sampling event (Table 3.3). The GMea of enzyme activities 
increased significantly with cover crop as compared to the no-cover crop plots under CT 
system (Table 3.5). However, NT attained higher GMea than the CT under no-cover 
crop, whereas, with cover crop, the values in CT were similar to that in NT. In terms of 
specific enzyme activity, NT and CT also attained similar contents with cover crop, 
whereas, with no-cover crop plots, the specific enzyme activity increased significantly 
with NT system as compared with CT system (Table 3.5). The specific activity was lower 




3.4.1. Seasonal variations in C fractions and enzyme activities 
Several studies have shown that soil biochemical properties are impacted by 
seasonal fluctuations due to soil water content (McGill et al., 1986; Perfect et al., 1990). 
The present data also showed a significant correlation between water extractable fractions 
and enzyme activities with the moisture content (data not shown). The maximum values 
of moisture content and enzymes were observed during the spring sampling period. 
Whereas, water-extractable carbon and MBC values were gradually increased during the 
grain-filling season, as opposite to the values of MBN and water-soluble nitrogen, which 
showed a greater peaks after planting of maize (summer). Other studies have also found a 
similar seasonal trends in enzymes (Nannipieri et al., 2012), active carbon (Angers et al., 
1993), and nitrogen contents (Joergensen et al., 1996) in the soil.  
In this study, a decline in MBC and water-extractable contents during spring time 
might be linked to carbon translocation to deeper soil layers because of snowmelt in the 
early spring (Lipson et al., 2000) and thereby negative effect of freeze thaw events and 
moisture content on microbial dynamics (Lipson et al., 1999). In addition to abiotic 
factors, biochemical characteristics of residues along with physical operations such as 
fertilization and summer tillage might also result in fluctuation in composition of SOM 
(Jensen et al., 1997; Liang et al., 2014). In our study, MBN increased after planting, 
while MBC increased at the grain-filling stage. This suggests that adding fertilizer (dose 
of 200 kg N ha-1) at the time of maize planting might increase the size of nitrogen 
biomass in the soil and thus, differences were only detectable under a tillage system after 
planting of maize. A high level of MBN recorded with a CT system could be attributed to 
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faster release of nitrogen as compared to the NT system (Table 3.2). This decrease in 
MBN under NT systems is further supported by a coinciding decrease in water-
extractable nitrogen contents. From our study, a recorded increase in MBC, water-
extractable carbon and a relative decrease in MBN, water-extractable nitroegn at grain-
filling concurred with the finding of Franzluebbers et al. (1995a) and Ghani et al. (2003), 
who concluded that the immobilization of nitrogen into the growing pool of microbial 
biomass accounted for the seasonal differences in soil microbial status. Similar to our 
results, Dong et al. (2014) also stated that fast growth of maize stimulated an increase in 
the size of the labile pool of carbon during the growing season. 
3.4.2. Interactive effect of soil management factors on carbon and nitrogen cycling 
Previous research on this site had shown that long-term practice of NT with 
diversified rotations (3- and 4-yr) had a positive effect on SOC content in the soil 
(Alhameid et al., 2017). We explored possible interactions between the legacies of 
different rotations and tillage systems (25 years) with short-term (4 years) influence of 
cover crops on soil microbial properties. Since total carbon is generally considered 
insensitive to recent management practices, we accept our hypothesis that winter cover 
crops had some effect on biochemical characteristics of soil, but overall this parameter is 
overwhelmed by its complex relationship with other management factors (rotation and 
tillage). 
With a few exceptions, labile carbon and nitrogen contents were similar between 
rotation and tillage treatments (Table 3.2), but significant interactions suggested that 
introducing a cover crop in a cropping system altered mineralization rates because of 
quality and quantity of carbon produced by cover crop residues during fallow winter 
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period (Govaerts et al., 2009). Results from our first sampling (pre-planting or early 
spring season in February) suggest that residues from the previous cropping season and, 
winter cover crop, impacted carbon and nitrogen dynamics. This was reflected through 
higher water-extractable carbon and nitrogen concentrations under cover crop as 
compared to no-cover crop plots across other management factors (Table 3.2). However, 
after planting of maize (summer), availability of carbon under cover type treatments were 
dependent on functional complementarity between type of rotation. Across tillage 
systems, the contents of water-soluble carbon and MBC were significantly greater with 
cover crop than with the no-cover crop under 3- and 4-yr rotations, respectively (Fig. 
3.1). Other studies had also shown greater microbial biomass due to integration of cover 
crop into the crop rotations (Buyer et al., 2010; Nair & Ngouajio, 2012). This is primarily 
due to carbon and nitrogen inputs derived from unharvested residues produced by cover 
crop and its decomposition in the latter period, which maintained the carbon source to the 
benefit of its soil microbial biomass (Carrera et al., 2007; Finney et al., 2017). Within 
rotations, interaction effect further suggests that 2-yr rotation had similar or higher MBC 
and water-soluble carbon contents as compared to the other rotations. This could be 
explained due to two interrelated factors: firstly, under our experimental conditions, 
winter rye (cover crop treatment) was relatively more frequent under a 2-yr rotation and 
very well-known for the relatively large amount of biomass production (Delgado, 1998), 
as compared to the blend of legume and brassica as a cover crop mixture planted after the 
harvest of small grains in higher diversified rotations (3-yr and 4-yr). Second, the growth 
of blend in higher order rotations was limited by planting time after winter wheat and oat, 
thereby surveying under inadequate solar radiation (Dabney et al., 2001) in fall and the 
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more frost-sensitive nature of legumes (Jeromela et al., 2017) as compared to winter rye. 
Thus, the loss of rotation complexity under maize-soybean (2-yr) was partially met by 
growing winter rye and thereby may result in substantially higher or equal biomass inputs 
under 2-yr in comparison to 3-yr and 4-yr rotations in a single rotation cycle. As a result, 
carbon availability under cover crop coupled with 2-yr and 4-yr rotations was non-
comparable across the tillage systems. At the grain-filling stage of maize, water-soluble 
carbon contents were significantly greater under 4-yr rotation as compared to other 
rotations (Table 3.1 and 3.2). Although the effect of cover crop was not consistent in each 
sampling event for any single indicator, these results highlights the benefits of 
introducing cover crop instead of leaving the field fallow after crop harvest to maintain 
available carbon contents in the next crop growing season. 
After planting of maize, significantly higher contents of MBN and water-soluble 
nitrogen under CT than the NT reflects the role of tillage, independent of other 
managements factors in enhancement of labile nitrogen contents in the tilled system 
(Table 3.1 and 3.2). At the grain-filling stage of maize, the effects of tillage on MBN 
contents also depended on choice of cover type (Table 3.1). Higher MBN contents with 
cover crop as compared to the no-cover crop plots under CT system suggest that 
immobilization of nitrogen into microbial biomass that might have occurred after 
planting, had it not been completely remobilized under cover crop plots even in the latter 
periods of maize stage. Similarly, hot water extractable contents were significantly 
greater under cover crop than no-cover crop plots, regardless of other management 
factors (Table 3.2). 
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3.4.3. Interactive effect of soil management factors on enzyme activities 
In contrast to cover types, we did not observe a significant change in enzyme 
activities in our study within rotation and tillage system (Table 3.3 and 3.4). This 
indicates that tillage and rotation alone did not affect enzyme activities in the long-term 
as quickly as introduction of cover crops into the cropping system. To draw meaningful 
conclusions about soil enzyme activities, an index of GMea of enzyme activities has been 
recently emphasized by Paz-Ferreiro et al. (2012).  
Our study had a fall and spring tillage practice which mixed residues rich in 
substrate from winter cover crop and thereby reflected changes in some enzyme 
properties at pre- and after planting stage of maize. Spedding et al. (2004) also stated that 
tillage exposes microsites rich in substrates to enzyme proliferations, reflected by 
significant ‘tillage by cover type’ interaction in our study. As a result, overall enzyme 
activities (reflected by GMea), absolute urease activity and β-glucosidase activity 
increased with cover crop than with no-cover crop plots under the CT system at pre and 
after planting of maize (Table 3.5 and Fig. 3.2a). The positive effect of cover crop on β-
glucosidase activity was also reported by Turner et al. (2002). Deng and Tabatabai (1996) 
reported that different residue types affect enzyme activity, and our study demonstrated 
that cover crop treatments that include blend (legumes and Brassica spp.), fix 
atmospheric nitrogen and residues from winter rye contains urease in its biomass 
(Nannipieri et al., 1983). The incorporation of vegetation might provide soil microbes 
with extra fixed ammonia (substrate) and thereby enhance urease enzyme activity under 
cover crop plots. Such results were reported elsewhere in literature (e.g., Bandick & 
Dick, 1999; Dinesh et al., 2004). 
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It has long been unclear to what extent soil enzyme activities reflect the 
physiological status of soil biological activity (Mendes et al., 1999; Burns et al., 2013). 
We used specific enzyme activity index (GMea to MBC ratio) to normalize differences 
solely because of biomass and substrate quantity (Trasar-Cepeda et al., 2008). The link 
between MBC and enzymes can reveal that the enzymes are of microbial origin 
(Nsabimana et al., 2004). At pre-planting of maize, results of the present study support 
the view point that microorganisms in the cover crop plots were metabolically less active 
for enzyme production than no-cover crop under NT system (Table 3.5). The possibility 
that the increase in relative enzyme enrichment under no-cover crop was due to the stress 
in the microbiota (Trasar-Cepeda et al., 2008). It should be noted that values of labile 
pools of SOM (MBC and water extractable fraction) were always lower in the no-cover 
crop than in the cover crop plots at the same sampling stage (Table 3.2), and thereby one 
possible mechanism suggested by Raiesi and Beheshti (2014) and Trasar-Cepeda et al. 
(2008) was that enrichment may result from the loss of most labile SOM content and 
whose loss would indirectly increase the enzymes from the remaining humified contents 
to maintain microflora ecological mechanism. 
 
3.5. Conclusions 
This study explored the effect of short-term (4 years) implementation of winter 
cover crops on the dynamics of water-extractable fractions, microbial biomass, and 
enzymatic properties at three different dates corresponding to the three maize-growing 
seasons of the year (before planting in early spring, after planting in early summer, and 
during grain-filling in early fall) in a long-term (25 years) rotation and tillage experiment. 
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Results demonstrated that labile soil microbial attributes and enzyme activities were 
influenced by seasonal variability, which could be related to soil moisture and 
temperature variability between sampling dates. In addition, we speculated that residue 
inputs of carbon from rhizodeposition during the growing season, summer tillage, 
fertilization and other interactions among the weather factors such as snow-melt and 
freeze-thaw events during the spring might also cause relative seasonal variations in the 
studied soil biochemical attributes. Hence, this study supports the viewpoint that 
sampling time is an important determinant in order to understand the management 
impacts on soil carbon fractions and biochemical properties. Since, these properties can 
change dramatically within a year, we suggest that sampling should occur at 
approximately the same time of the year in order to capture the long-term changes in 
management.  
Among experimental treatments, the effect of winter cover cropping treatment 
was consistently reflected in the amounts of labile SOM pools and enzyme activities 
within each sampling event. This is attributed to additional inputs of fresh organic matter 
from cover crops to soil during the bare fallow periods. Furthermore, the response of 
cover type management also depends upon the choice of tillage and crop rotation 
treatments (i.e. interaction-effect). Interestingly, there was not much difference between 
“NT vs CT” and “2-yr vs 3-yr vs 4-yr rotation” treatments. This could be attributed to 
adaptation of soil microbial community to the specific practice or it is also possible that 
plots might reached to the equilibrium levels of labile SOM and enzyme activities, 
because this study area had been in place for 25 years. Due to long-term history of 
rotation and tillage management, it is also possible that true effect of cover crops on soil 
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biochemical properties may be hidden or influenced by long-term history and other land 
management factors such as climatic conditions, crop phase and fertilization. 
Nevertheless, this study revealed that additional resource availability from winter cover 
crops has the potential to influence soil biochemical processes, which is not only 
beneficial for active nutrient cycling, but also can ensure the long-term productivity of 
agricultural systems.  
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Table 3. 1. Significance of rotation, tillage and cover type on soil moisture content (MC), 
microbial biomass carbon (MBC), water soluble C (WSC), hot water extractable C 
(HWC), microbial biomass nitrogen (MBN), water soluble N (WSN) and hot water 
extractable N (HWN) in three sampling times. 
Source of variation MC MBC WSC HWC MBN WSN HWN 
Pre-planting        
Rotation (R) ns ns ns ns ns ns ns 
Tillage (T) ns ns ns ns ns ns ns 
R x T ns ns ns ns ns ns ns 
Cover type (C) ns ns * * * * * 
R x C ns ns ns ns ns ns ns 
T x C ns ns ns ns ns ns * 
R x T x C ns ns ns ns ns ns ns 
After planting        
Rotation (R) ns * ns ns ns ns ns 
Tillage (T) ns ns ns ns * ** ns 
R x T ns ns ns ns ns ns ns 
Cover type (C) ns ns ns ns ns ns ns 
R x C ns * * ns ns ns ns 
T x C ns ns ns ns ns ns ns 
R x T x C ns ns ns ns ns ns ns 
Grain-filling        
Rotation (R) ns ns * ns ns ns ns 
Tillage (T) ns ns ns * ns ns ns 
R x T ns ns ns ns ns ns ns 
Cover type (C) ns ns ns * ns ns * 
R x C ns ns ns ns ns ns ns 
T x C ns ns ns ns * ns ns 
R x T x C ns ns ns ns ns ns ns 
*, statistically significant at p < 0.05. 
**, statistically significant at p < 0.01. 
ns, not statistically significant at p < 0.05.  
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Table 3. 2. Main effect of rotation, tillage, and cover type on microbial biomass carbon (MBC) and nitrogen (MBN), water soluble C 
(WSC) and N (WSN), hot water extractable C (HWC) and N (HWN) in three sampling times. 
Sources of 
variation 
MBC MBN WSC WSN HWC HWN 
(µg g-1) (µg g-1) (µg g-1) 
Pre-planting† 313.9b ± 28.4 32.19b ± 3.69 198.4b ± 9.8 33.38b ± 1.46 945.6b ± 49.5 102.56a ± 7.30 
Rotation‡ 2-yr 354.7 ± 58.2 35.23 ± 7.10 201.5 ± 19.1 33.03 ± 2.52 985.2 ± 99.6 120.14 ± 11.97 
3-yr 289.0 ± 48.9 35.85 ± 7.32 195.7 ± 15.4 32.81 ± 2.50 913.7 ± 72.1 88.99 ± 13.17 
4-yr 295.2 ± 38.5 25.88 ± 4.65 197.9 ± 17.4 34.29 ± 2.73 935.8 ± 86.1 97.71 ± 12.30 
Tillage NT 329.4 ± 42.3 36.4 ± 5.59 203.2 ± 12.0 36.4 ± 1.89 982.3 ± 75.4 105.88 ± 11.74 
CT 297.0 ± 38.1 27.77 ± 4.71 193.6 ± 15.8 27.77 ± 2.28 910.4 ± 65.3 99.38 ± 9.03 
Cover type CC 367.8 ± 46.1 39.47* ± 5.75 220.4* ± 14.2 39.47* ± 2.09 1085.5* ± 80.9 116.03* ± 12.44 
NC 260.0 ± 30.1 23.81 ± 3.70 176.4 ± 12.3 23.81 ± 1.87 811.4 ± 44.7 89.65 ± 7.22 
After planting 376.9b ± 17.2 83.4a ± 7.51 153.5c ± 11.9 104.00a ± 5.11 850.0b ± 17.1 84.31b ± 1.87 
Rotation‡ 2-yr 451.4* ± 23.5 71.78 ± 11.58 165.9 ± 18.1 96.00 ± 8.14 870.3 ± 28.3 81.84 ± 2.27 
3-yr 320.6 ± 26.1 105.99 ± 14.07 106.0 ± 16.9 115.98 ± 10.85 842.0 ± 33.6 87.49 ± 4.27 
4-yr 351.8 ± 29.8 75.71 ± 12.19 185.6 ± 21.9 102.87 ± 7.53 837.8 ± 27.7 83.62 ± 2.88 
Tillage NT 356.0 ± 22.0 67.56 ± 10.14 177.9 ± 12.0 86.73 ± 3.67 838.1 ± 26.5 82.78 ± 2.54 
CT 397.9 ± 26.2 100.10* ± 10.01 193.6 ± 15.8 122.21* ± 8.04 861.9 ± 21.9 85.85 ± 2.76 
Cover type CC 386.7 ± 23.4 53.48 ± 4.0 157.9 ± 16.4 98.60 ± 7.24 842.7 ± 26.3 83.48 ± 2.69 
NC 366.3 ± 25.7 50.49 ± 4.6 149.3 ± 17.5 110.35 ± 7.15 857.3 ± 22.3 85.15 ± 2.64 
Grain-filling 443.6a ± 24.3 26.63b ± 1.35 432.7a ± 21.0 38.19b ± 2.99 1767a ± 45 64.38b ± 2.27 
Rotation‡ 2-yr 374.6 ± 32.9 23.95 ± 2.31 445.2 ± 31.5 34.65 ± 2.47 1681 ± 50 64.93 ± 4.54 
3-yr 465.3 ± 54.5 25.54 ± 2.58 350.5 ± 31.1 47.01 ± 7.76 1682 ± 47 59.68 ± 2.13 
4-yr 488.0 ± 32.7 30.41 ± 1.93 503.1* ± 36.6 32.69 ± 2.69 1935 ± 103 68.25 ± 4.43 
Tillage NT 445.9 ± 44.6 26.89 ± 1.81 440.5 ± 30.4 35.33 ± 2.79 1874* ± 72 65.95 ± 2.86 
CT 441.3 ± 20.5 26.38 ± 1.81 424.5 ± 29.4 41.17 ± 5.39 1666 ± 47 62.88 ± 3.54 
Cover type CC 472.5 ± 27.6 28.37 ± 2.00 441.2 ± 34.0 33.33 ± 2.47 1845* ± 64 69.07* ± 3.61 
NC 412.1 ± 40.4 24.89 ± 1.80 424.5 ± 25.6 42.84 ± 5.25 1694 ± 61 59.50 ± 2.40 
† Means (± SE) followed by the same lower case letter indicate no significant differences between sampling times at p< 0.05. 
‡ Differences between levels of each factor are indicated by asterisk (*) (p<0.05).
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Table 3. 3. Significance of rotation, tillage and cover type on β-D-glucosidase activity 
(β-Glu), urease activity, phosphatase activity (Phosp), arylsulfatase activity (Arylsuf), 
geometric mean (GMea) and specific enzyme activity (SA), in three sampling times. 
Source of variation β-Glu Urease Phosp Arylsu GMea SA 
Pre-planting       
Rotation (R) ns ns ns ns ns ns 
Tillage (T) ns ns ns ns ns ns 
R x T ns ns ns ns ns ns 
Cover type (C) ns ns ns ns ns ns 
R x C ns ns ns ns ns ns 
T x C ns * ns ns * * 
R x T x C ns ns ns ns ns ns 
After planting       
Rotation (R) ns ns ns ns ns ns 
Tillage (T) ns * ns ns ns ns 
R x T ns ns ns ns ns ns 
Cover type (C) * ns ns ns * ns 
R x C * ns ns ns ns ns 
T x C ** ns ns ns ns ns 
R x T x C ns ns ns ns ns ns 
Grain-filling       
Rotation (R) ns ns ns ns ns ns 
Tillage (T) ns ns ns ns ns ns 
R x T ns ns ns ns ns ns 
Cover type (C) * ** ns * * ns 
R x C ns ns ns ns ns ns 
T x C ns ns ns ns ns ns 
R x T x C ns ns ns ns ns ns 
*, statistically significant at p < 0.05 
**, statistically significant at p < 0.01 
ns, not statistically significant at p < 0.05
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Table 3. 4. Main effect of rotation, tillage, and cover type on moisture content (MC), β-D-glucosidase (β-Glu), urease (µg NH4-N g
-1 
soil 2 h-1), phosphatase (Phosp), Arylsulfatase (Arylsuf), geometric mean (GMea), and specific activity (SA) of the assayed enzyme 




 (g g-1) 
Urease 
 
β-Glu Phosp Arylsuf GMea SA 
----  µg pNP released g-1 soil h-1----   
Pre-planting † 0.41a ± 0.01 52.86a ± 5.3 740.2a ± 8 737.6a ± 80 143.7a ± 13 229.6a ± 13 0.96a ± 0.10 
Rotation‡ 2-yr 0.43 ± 0.02 52.37 ± 11.7 774.2 ± 150 737.6 ± 80 172.6 ± 24 244.8 ± 27 0.99 ± 0.22 
 3-yr 0.40 ± 0.01 52.83 ± 10.7 750.0 ± 123 603.5 ± 82 108.3 ± 24 230.1 ± 25 0.92 ± 0.13 
 4-yr 0.41 ± 0.01 53.33 ± 5.2 697.5 ± 159 609.0 ± 62 147.9 ± 17 214.1 ± 16 0.96 ± 0.17 
Tillage NT 0.40 ± 0.01 53.94 ± 6.0 760.7 ± 107 693.8 ± 63 163.9 ± 20 241.6 ± 17 1.08 ± 0.17 
 CT 0.42 ± 0.01 51.60 ± 9.2 720.8 ± 123 606.3 ± 60 124.3 ± 17 217.7 ± 21 0.82 ± 0.10 
Cover type CC 0.41 ± 0.01 59.44 ± 8.8 695.7 ± 106 685.8 ± 66 158.1 ± 22 239.1 ± 20 0.84 ± 0.11 
 NC 0.42 ± 0.01 45.94 ± 5.5 791.4 ± 126 614.3 ± 56 129.8 ± 15 220.2 ± 18 1.08 ± 0.17 
After planting 0.26b ± 0.01 51.99a ± 3.0 439.3b ± 29  571.0b ± 21 95.78b ± 10.3 170.2b ± 9  0.50b ± 0.04 
Rotation‡ 2-yr 0.26 ± 0.01 56.83 ± 5.9 560.6 ± 44 571.0 ± 21 109.83 ± 20.3 191.9 ± 19 0.48 ± 0.04 
 3-yr 0.26 ± 0.01 44.98 ± 5.6 362.9 ± 40 494.3 ± 34 66.81 ± 10.3 144.7 ± 12 0.55 ± 0.10 
 4-yr 0.25 ± 0.01 54.75 ± 3.8 409.4 ± 55 474.0 ± 37 107.07 ± 18.9 174.0 ± 14 0.52 ± 0.05 
Tillage NT 0.25 ± 0.01 57.35* ± 4.3 384.6 ± 38 505.5 ± 33 89.64 ± 14.1 165.0 ± 12 0.53 ± 0.07 
 CT 0.26 ± 0.01 46.63 ± 4.1 493.9 ± 43 520.7 ± 18 101.92 ± 15.3 175.4 ± 13 0.48 ± 0.04 
Cover type CC 0.25 ± 0.01 53.48 ± 4.0 480.7* ± 41 522.1 ± 25 105.54 ± 16.0 183.5* ± 12 0.52 ± 0.06 
 NC 0.26 ± 0.01 50.49 ± 4.6 394.0 ± 41 504.1 ± 28 85.12 ± 12.8 157.0 ± 13 0.49 ± 0.05 
Grain-filling 0.25b ± 0.00 59.48a ± 4.1 379.1b ± 23 571.0b ± 21 97.03b ± 5.4 182.8b ± 9 0.55b ± 0.09 
Rotation‡ 2-yr 0.25 ± 0.01 67.59 ± 9.3 416.3 ± 46 593.5 ± 35 94.19 ± 9.8 190.8 ± 14 0.65 ± 0.13 
 3-yr 0.26 ± 0.01 49.57 ± 6.2 347.2 ± 43 562.2 ± 46 79.86 ± 9.2 163.9 ± 17 0.59 ± 0.24 
 4-yr 0.24 ± 0.01 61.29 ± 5.0 373.7 ± 31 604.0 ± 59 117.06 ± 6.9 193.8 ± 14 0.42 ± 0.04 
Tillage NT 0.24 ± 0.00 65.87 ± 4.5 403.0 ± 35 607.9 ± 49 96.60 ± 6.8 185.6 ± 13 0.67 ± 0.18 
 CT 0.26 ± 0.01 53.09 ± 6.8 355.2 ± 30 565.4 ± 24 97.47 ± 8.6 180.6 ± 12 0.44 ± 0.04 
Cover type CC 0.25 ± 0.00 67.25* ± 6.7 421.9* ± 35 597.2 ± 39 107.85* ± 8.6 198.4* ± 13 0.46 ± 0.04 
 NC 0.24 ± 0.01 51.71 ± 4.5 336.3 ± 29 575.7 ± 37 86.21 ± 6.8 167.2 ± 11 0.65 ± 0.18 
† Means (± SE) followed by the same lower case letter indicate no significant differences between sampling times at p< 0.05. 
‡ Differences between levels of each factor are indicated by asterisk (*) (p<0.05). 
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Table 3. 5. Effect of tillage and cover type on urease activity, geometric mean of enzyme activities (GMea), specific enzyme activity 
(SA), hot water extractable nitrogen (HWN) and microbial biomass nitrogen (MBN) at pre-planting and grain-filling stage of maize, 
respectively. Means within same column with the same lowercase letter are not significantly different at α = 0.05. 
Tillage Cover type Urease GMea SA HWN MBN 
  µg NH4-N 2h
-1   µg g-1 µg g-1 
  ---------------------------------- Pre-planting ----------------------------- Grain-filling 
NT CC 53.03 ± 9.8 ab† 224.8 ± 26 ab 0.79 ± 0.16 b 132.4 ± 5.7 a 26.00 ± 2.7 ab 
 NC 55.03 ± 6.5 ab 258.5 ± 22 a 1.38 ± 0.29 a 81.53 ± 3.1 b 27.78 ± 2.5 ab 
CT CC 68.00 ± 16.1 a 253.4 ± 30 a 0.90 ± 0.55 b 101.0 ± 4.6 b 30.75 ± 2.9 a 
 NC 36.85 ± 8.1 b 182.0 ± 25 b 0.74 ± 0.11 b 97.8 ± 2.8 b 22.01 ± 2.4 b 
†Means (± SE) within a column followed by the same lower case letter indicate no significant differences at α = 0.05 
NT, no-tillage; CT, conventional tillage 
CC, cover crop; NC, no-cover crop
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Table 3. 6. Correlation coefficients (r-values) between different variables. 
 MC MBC MBN WSC WSN HWC HWN β-Glu Urease Phosp Arylsuf 
MC - -0.17 -0.08 -0.42*** -0.25* -0.37*** 0.38*** 0.44*** 0.00 0.14 0.41*** 
MBC  - 0.25** 0.27** 0.00 0.29** 0.17 -0.14 0.25** 0.16 0.22* 
MBN   - -0.23* 0.61*** -0.28** 0.17 0.05 0.13 -0.03 0.10 
WSC    - -0.27** -0.69*** -0.24** -0.23* -0.01 0.01 -0.21* 
WSN     - -0.41*** 0.00 -0.17 -0.20* -0.19 -0.20 
HWC      - 0.02 -0.28** 0.24* 0.30 0.01 
HWN       - -0.10 0.22* 0.32*** 0.50*** 
AHC        0.31*** 0.07 0.38*** 0.08 
β-Glu        - 0.14 0.19 0.15 
Urease         - 0.42*** 0.53*** 
Phosp          - 0.37*** 
Arylsuf           - 
Moisture content (MC), β-D-glucosidase activity (β-Glu), urease activity, phosphatase activity (Phosp), arylsulfatase activity (Arylsuf), microbial biomass carbon 
(MBC) and nitrogen (MBN), water soluble C (WSC) and nitrogen (WSN), hot water extractable C (HWC) and nitrogen (HWN). 
* Correlation is significant at the 0.05 level. 
** Correlation is significant at the 0.01 level. 
*** Correlation is significant at the 0.001 level. 





Fig. 3. 1. After planting: microbial biomass carbon (a) and water soluble carbon (b) under 
cover crops (CC) and no-cover crop (NC) as affected by different rotations. NT and CT 
are respectively no-till and conventional-till system. 2-yr, 3-yr and 4-yr are maize-
soybean, maize-soybean-oat, and maize-soybean-oat-winter wheat rotation, respectively. 
Means within the same cover type followed by the different lowercase letter are 
significantly influenced by rotations. Within the same rotation, significant effects of 
cover type are shown by uppercase letters. P was always <0.05 (LSMEANS). Vertical 




Fig. 3. 2. After planting: β-D-glucosidase activity under two tillage systems averaged 
over rotations (a) and three different rotations averaged over tillage systems (b) as 
affected by two cover types. CC = cover crop, NC = no-cover crop. Means within the 
same tillage system in (a) and within the same rotation in (b) followed by the same 
lowercase letter are not significantly influenced by cover type. Within the same cover 
type, significant effects of tillage (a) or rotation (b) are shown by different upper case 





X-ray CT-measured soil pore parameters as influenced by crop rotations and cover 
crops 
ABSTRACT 
This study examined the effect of crop rotations and winter cover crops (CC) on near-
surface pore characteristics of a silty clay loam soil in a 27-yr long no-till (NT) field 
experiment. The crop rotation treatments included two-year corn (Zea mays L.)–soybean 
(Glycine max L. [Merr.]) (CS) and four-year corn–soybean–oat (Avena sativa)–winter 
wheat (Triticum aestivum L.) (CSOW) rotation. The subplot treatment was CC and no-
CC (fallow). Intact soil cores (7.62 x 7.62 cm) were extracted from each treatment in July 
2018 from soybean plots and examined for X-ray computed tomography (CT)-measured 
pore parameters and other select soil physical and hydrological properties. Data showed 
that compared with fallow, the CC reduced bulk density (ρb) by 6% and increased 
saturated hydraulic conductivity (Ksat) and water infiltration rate (qs) by 1.5 times. Soils 
under CSOW rotation had 16, 14, and 4% higher values of soil organic carbon (SOC), 
total nitrogen (TN), and wet aggregate stability (WAS) compared to those under CS 
rotation, respectively. The CSOW rotation significantly (P<0.05) increased number of 
CT-measured pores, number of macropores (>1,000 µm diam.), coarse mesopores (226 to 
1,000 µm diam.), macroporosity, and mesoporosity than the CS system. The CT-
measured total porosity, number of macropores and macroporosity were 43, 34, and 60%, 
respectively, higher with CC as compared to the fallow plots. The CT-measured pore 
parameters were well correlated with soil ρb, Ksat, qs, SOC, TN, and WAS. This study 
emphasizes that cropping systems that include diverse crop rotations (CSOW) and CC 
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 Soil porosity is a critical parameter which can impact the movement and storage 
of water, nutrients, aeration, erosion and microfauna in the soil (Amezketa, 1999; 
Whalley et al., 1995). Soil pore morphology including circularity, size distribution and 
connectivity affect the transmission and storage of soil water (Eynard et al., 2004; Yang 
et al., 2018). For instance, pores that are circular, connected, and having a diameter of 
larger than 300 µm (i.e. macropores) promote rapid movement of air and water within the 
soil profile (Jarvis et al., 2007). The pore structure of soils is closely related to surface 
runoff amount and permeability (Jiantao et al., 2008) and thereby an important 
determinant of soil water storage for crop production. Soil porosity is the best indicator of 
soil structure quality (Pires et al., 2005) which can be measured at different scales 
combining different techniques. Hence, measurement of this parameter is very critical to 
assess the soil health.  
Laboratory measurements of soil porosity or pore-size distribution can be 
estimated from soil water characteristic curves (Jury et al., 1991), however, they may not 
accurately reflect the subtle features of soil pores (Vogel, 2000). Furthermore, this 
indirect procedure is time consuming and does not provide information on spatial 
distribution of pores (Gantzer and Anderson, 2002). The CT scanning approach has been 
used for direct measurement of soil pore properties and provides information about 
spatial distribution of pores (Rab et al., 2014; Wang et al., 2016). The CT scanning is a 
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non-destructive imaging technique that allows actual rather than inferred characteristics 
of soil pores at mm to µm scales (Cortina-Januchs et al., 2011; Rab et al., 2014). It helps 
in identification of geometrical features such as number (Yong-Hui et al., 2011), size 
(Warner et al., 1989), distribution (Wang et al., 2016), shape (Udawatta et al., 2008) and 
connectivity (Hamamoto et al., 2016) of macropores from soil matrix in longitudinal and 
transverse cross-sections of soil columns. The CT procedures have also been applied to 
characterize microbial microstructure (Nunan et al., 2006), root architectures (Tracy et 
al., 2010), solute movement (Anderson et al., 2015), gas exchange (Paradelo et al., 2016) 
and water flow properties (Katuwal et al., 2015) under different soils and crop 
management systems.  
Soil and crop management practices those maintain or increase surface residue 
cover can alter the soil pore properties and modify the soil hydrologic properties. 
Examples of such management practices include NT, diverse crop rotations and CC 
(Alhameid et al., 2019; Hubbard et al., 2013). These practices can build SOC (Maiga et 
al., 2019), which is largely responsible for improvement in soil pore properties. The SOC 
with other binding agents (i.e. fungal hyphae, root growth, cation exchange capacity) 
promotes soil aggregation (Jastrow et al., 1998). In-turn, these stable aggregates maintain 
a range of pore sizes, influence the density and stability of soil physical structure 
(Amezketa, 1999) and ultimately improve the ability of soil to retain and supply water for 
plant production (Gupta and Larson, 1979). Therefore, understanding the effects of 
management practices that supply C into the soil are of particular interest for the 
development of effective soil and water conservation practices. Assessment of soil-water 
conservation practices are particularly important for the Midwest region of United States, 
81 
 
where continuous monocropping and crop-winter fallow reported to have negative 
impacts on soil physical properties (Haruna et al., 2018a; Jagadamma et al., 2008) and 
SOC (West and Post, 2002).  
Cropping system with different crops can increase SOC levels and improve 
physical properties, because crop species vary in their rooting patterns, row spacing, 
foliage and other activities (Blanco-Canqui et al., 2010; Martens, 2000). This can lead to 
different quality and quantity of plant residues left on the soil, which may influence soil 
properties differently (Sanford et al., 2012). Karlen et al. (2006) found that extended crop 
rotations with oat, forage and legume crops increased SOC, WAS and reduced ρb when 
compared with continuous corn and CS rotation. Shaver et al. (2003) observed under 12-
yr NT experiment that corn-wheat and sorghum-wheat rotations had lower ρb and higher 
soil porosity than the continuous wheat rotation. Winter CCs can provide high surface 
cover when their aboveground biomass is incorporated into the soil (Haramoto and 
Gallandt, 2004). This can facilitate root growth of succeeding crops (Calonego et al., 
2017) and their biomass can help to reduce the kinetic energy of rain drops (Haruna et al., 
2018a). This can help in improving soil structure, macroporosity (Auler et al., 2014), 
reducing ρb (Blanco-Canqui et al., 2011) and increasing qs (Touchton et al., 1984).  
A large body of literature is available that studied the impacts of rotation and CC 
on soil pore parameter. However, most of these studies analyzed the effects of rotations 
and CC on soil porosity through traditional methods, and rarely explored their effects 
through advanced CT approach. In this study, effect of winter cover cropping system on 
soil pores and other select physical and hydrological properties were studied with 27 
years long history of two-year CS rotation and four-year CSOW rotation managed with 
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the NT system. This study based on the hypothesis that the use of CC in rotation with the 
main row crop would increase soil C and N levels, which would in turn improve soil pore 
parameters and associated hydrological properties. Specific objectives of the study is to 
(i) characterize, visualize and analyze the microscale changes in near soil surface pores 
with long-term crop rotations and CC managed with NT system, and (ii) to correlate 
these soil pore parameters with the measured soil physical (ρb and WAS) and 
hydrological (Ksat and qs) properties.  
 
4.2. Material and Methods 
4.2.1. Experimental Site and Management 
The experimental site was located at the Southeast Research Farm of South 
Dakota State University, near Beresford, South Dakota (43°02’ 58” N, 96°53’ 30” W). 
The mean annual maximum and minimum temperature values at the study site were 
14.7°C and 1.84°C, respectively, and the mean annual precipitation was 650 mm. 
Treatments included two crop rotations: CS in a 2-yr cycle, CSOW in a 4-yr cycle; and 
two cover cropping system: CC and no CC (fallow). Treatments were replicated four 
times according to a split-plot factorial arrangement, whereby crop rotations were 
randomly assigned as the main-plot factor and cover crop was the sub-plot factor. Sub-
plots were 10 m long and 90 m wide. Plots were managed with NT system, with each 
crop phase of each rotation present every year. However, for this study, soil samples were 
collected only from the soybean fields.  
 Study plots were initially established in 1991 on Egan silty clay loam (fine-silty, 
mixed, superactive, mesic Udic Haplustolls) soil, with 1-2% slope to study the effects of 
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crop rotation on soil properties. The plot layout was modified following the main crops 
harvest in the fall of 2013 to include cover cropping system. Winter rye (Secale cereale 
L.), and mixture of broadleaf blend (radish [Raphanus sativus L.], 2.35 kg ha-1; dwarf 
essex [Brassica napus], 1.46 kg ha-1; turnip [Brassica rapa], 0.34 kg ha-1; peas [Pisum 
sativum L.], 4.93 kg ha-1; lentil [Lens culinaris], 3.59 kg ha-1; oat, 5.38 kg ha-1; cowpea 
(Vigna unguiculata L.), 1.79 kg ha-1; millets, 1.79 kg ha-1; and hairy vetch [Vicia villosa 
Roth.], 2.91 kg ha-1) were used as winter CC in this study. Winter rye was direct seeded 
between corn and soybean immediately after corn harvest in CS and CSOW rotations and 
were sprayed out ahead of soybean planting. However, broadleaf blend was also seeded 
after winter wheat harvest in the CSOW rotation before planting of corn. From 1991 to 
2011, the small grain crops (oats and winter wheat) under the CSOW rotation were not 
consistent; however, corn and soybean followed a continuous sequence in both rotations. 
 The seeding rates were approximately 78,000 and 375,500 seeds ha–1 of corn and 
soybean, respectively. Oats, winter wheat, winter rye-CC, and blend-CC were planted 
with 87, 132, 56, and 28 kg ha-1, respectively. Further, the amount, source and the timing 
of fertilizer application vary from year to year. In general, the N application to corn phase 
was typically 110 kg ha-1 as a pre-plant and 55 kg ha-1 as a side-dressed. There was no N 
fertilizer applied to the soybean phase. Oats were provided with 55 kg N ha-1 as a pre-
plant application, whereas, winter wheat was fertilized with 10 and 138 kg N ha-1 as a 
pre-plant and side-dress application, respectively. In addition, potassium fertilizer in the 
form of Murate of Potash was applied with 93 kg ha-1 every two years. 
84 
 
4.2.2. Soil Sampling and Analysis 
Undisturbed cores from the soil surface 0-10 cm depth were collected in four 
replicates from each treatment in July 2018 to determine the management effects on CT-
measured soil pore parameters and physical properties. The dimensions of sampling 
Plexiglass cores used for the sampling were 76.2 mm long and 76.2 mm in diameter with 
a 3.2 mm-thick wall. The cores were driven vertically in the soil using a core sampler and 
excavated manually. Soil cores were then trimmed, sealed with plastic caps at both ends, 
labeled, kept in plastic bags and stored at 4°C pending analysis. In laboratory, soil cores 
were slowly saturated from bottom, and then drained at -4.0 kPa using a tension table in 
order to remove water from macropores for improving image contrast. Samples were 
secured from both the ends with plastic caps using masking tape, and stored in cold room 
prior to scanning. The cores were kept in the cooler while transported to University of 
Missouri Veterinary Health Center at Columbia, Missouri, USA for the CT scanning.  
4.2.3. X-ray Computed Tomography Scanning and Image Analysis 
 Soil core samples were scanned using a medical scanner; Toshiba Aquilion 64 x-
ray (Amber Diagnostics, Orlando, FL). Cores were placed horizontally on the scanner 
bench in order to perform a spiral scanning with a peak voltage current of 120 kV, an 
exposure time of 500 mAs, and an X-ray tube current of 250 mA. The X-ray beam width 
or “slice” thickness was 0.5 mm, producing a resultant voxel size of 0.026 mm3. The 
entire sample was imaged with a field of view 512 by 512 mm pixels, where pixel 
resolution was 0.226 by 0.226 mm. The captured CT scanned data were exported as a 
stack of TIFF images into the public domain processing software FIJI (a distribution of 
ImageJ) (Rasband, 2002; Schindelin, 2008). Image slices that were subject to interference 
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from the beam hardening were removed from the stack. Stacks were then cropped to 
obtain a region of interest (ROI) (71.19 mm in diameter and 66 mm in height), with an 
objective to remove voids or potential edge effects near the core walls. Stacks were pre-
processed with a median 3D filter (radius = 2.0 voxels) to reduce the noise and contrast 
enhancement with saturated pixels of 0.4% was used to improve the contrast between the 
soil matrix and pores in the image. Then, the images were converted to 8-bit images and 
segmented by the auto-local threshold algorithm of Phansalkar et al. (2011), with a radius 
of 10, k = 0.3 and r = 0 in the ImageJ software. The pixels having grey values lower than 
the threshold value were identified as pores. This procedure resulted in a binary image, in 
which pores and soil matrix were represented by white and black pixels, respectively. 
The segmented images were then visually inspected to check the image quality and the 
features made up of one voxel were removed to avoid classification of noise in further 
analysis. To measure the statistics of individual pores, Particle Analyser plugin within the 
BoneJ plugin in ImageJ (Doube et al., 2010) was used. The image-based soil porosity 
(mm3 mm-3) was determined as follows: 
Porosity =  
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑝𝑜𝑟𝑒𝑠
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑅𝑂𝐼
 
Figure 4.1 shows the CT scanning workflow that was used to scan, visualize and 
analyze the soil cores. Total porosity (macroporosity plus coarse mesoporosity), 
macroporosity (>1,000 µm diam.) and coarse mesoporosity (226 to 1,000 µm diam.) were 
obtained as the ratio of total volume of all pores, macropores and coarse mesopores, 
respectively, to the volume of ROI. 
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4.2.4. Soil Physical and Hydrological Properties 
 After CT scanning, soil cores were used to measure the Ksat, soil water retention 
(SWR) and ρb. The Ksat was measured using the constant head method (Klute and 
Dirksen, 1986; Stolte, 1997). The SWR was measured at the following matric potentials 
(m): 0.0, −0.4, −1.0, −2.5, −5.0, −10.0, −20.0, and −30.0 kPa using tension table and 
pressure plate extractors (Soil moisture Equipment Corp., Santa Barbara, CA, USA) 
(Dane and Topp, 2020; Klute and Dirksen, 1986). The ρb was determined using the core 
method (Blake and Hartge, 1986). The qs was measured with a double-ring infiltrometer 
(20 cm in height and 25.4 cm inner ring diameter) using a ponding method as outlined by 
Reynolds et al. (2002).  
Soil samples were also collected in the fall of 2017 after corn harvest from 0- to 
7.5- cm depth of every replicated plot using a manual probe unit for analyzing SOC and 
TN. Total soil C and TN was measured by using the dry combustion method, as outlined 
by Nelson and Sommers (1996). The SOC was calculated by subtracting the soil 
inorganic C from total C. Soil samples were also sieved to obtain a 1- to 2-mm soil 
fraction for the analysis of WAS, which was measured using the procedure outlined by 
Kemper and Rosenau (1986). Soil penetration resistance (SPR) in each treatment was 
also measured for the 0- to 7.5- cm depth using the Eijkelkamp-type hand penetrometer 
(Herrick and Jones, 2002). Soil samples were also collected at the time when the SPR 
reading were recorded to measure the gravimetric moisture content to compensate the 




4.2.5. Statistical analysis 
 Mixed analysis of variance (ANOVA) model was developed for each soil 
parameter using the GLM procedure of SAS (version 9.4, SAS Institute Inc., Cary, NC) 
(SAS, 2016), where rotation, cover cropping, and rotation × cover cropping were 
considered as fixed effects and replication, and replication × rotation as random effect. 
Normality and equal variance of residuals were determined using SAS output delivery 
systems graphics. The Kolmogorov-Smirnov test was applied to check for normality 
assumption but no transformations were needed except for Ksat and qs. When significant 
interaction between rotation by cover cropping was observed, a pairwise statistical 
comparison was conducted within treatments, whereby least square means were separated 
using the DIFF option of LSMEANS. Statistical differences were considered significant 
at the α = 0.05 level. A correlation matrix between the CT-measured pore parameters and 
soil characteristics was carried out based on the Pearson correlation coefficients. 
 
4.3. Results and Discussion 
4.3.1. Soil Organic Carbon, Total Nitrogen and Wet Aggregate Stability 
 Crop diversification (i.e. crop rotation and CC) had a significant influence on 
SOC and TN concentration under this 27-yr continuous NT experiment. Soils under 
CSOW rotation had 16 and 14% higher values of SOC and TN as compared to those 
under CS rotation, respectively (Table 4.1). This is in agreement with other reports 
emphasizing that increased rotational complexity with different crop species can lead to a 
greater abundance and diversity of plant litter (Venter et al., 2016), which in turn can 
stabilize SOM formation and increase SOC and TN concentration with 4-yr CSOW 
88 
 
rotation as compared to the 2-yr CS rotation (Gregorich et al., 2001; Maiga et al., 2019; 
Russell et al., 2005). In this study, CC significantly increased SOC and TN by 15 and 
11% respectively, as compared to the fallow (no-CC). Inclusion of CC in rotation scheme 
can supplement C-rich residues to the soil, which can modify the quantity and quality of 
SOM (Restovich et al., 2011). This positive interaction of biomass inputs and 
enhancement of rotation complexity was positively related in our study. Statistically 
significant (P<0.05) interaction between ‘rotation and cover cropping’ system suggests 
that soils under the most diversified treatment (i.e. CSOW-CC) (43.1 g kg-1) had the 
highest SOC content as compared to the other treatments (Table 4.1). This is attributed to 
an additional period of C assimilation when CC were introduced in diverse rotation. 
Winter rye not only produce significant above ground biomass (Ranells and Wagger, 
1997), but their roots can also scavenge residual N following corn (Coale et al., 2001). 
So, we anticipate that the CC plots had greater TN as compared to the fallow plots due to 
provisioning of N retention.   
 Similar to the SOC trend, the CSOW rotation and CC had 4 and 1% greater WAS 
as compared to the CS rotation and fallow plots, respectively (Table 4.1). The formation 
and stability of aggregates are often related to the amount of SOC (Martens, 2000), where 
SOC promotes microbial proliferations and other binding materials that can hold soil 
particles together against mechanical disturbance. Our study also observed a positive 
correlation between WAS and SOC values (r = 0.73, P ≤ 0.01). The higher aggregation 
percentage with CSOW than CS rotation may be due to the diversity of crops that include 
small grains (oats and winter wheat) and less frequency of soybean in the CSOW 
rotations. Soybean residues usually have lower C:N ratio and less phenolic acid content 
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than the corn and wheat (Halvorson and Schlegel, 2012; Martens, 2000). Hence, growing 
soybean in alternate years not only promote rapid decomposition of residues, but can also 
lead to the formation of aggregates that are more susceptible to degradation (Blanco-
Canqui and Lal, 2004). Similar results were found by Zuber et al. (2015), who reported 
that soil under CSW rotation had higher WAS than the CS rotation. Likewise, CC 
maintain SOC levels, leading to aggregate stabilization and improved soil structure 
because of their roots and aboveground biomass production and supply of C to 
polysaccharide-producing microbes and supporting fungi hyphae (Le Guillou et al., 
2012). 
4.3.2. Soil Bulk Density and Penetration Resistance 
 The effect of crop rotations on ρb and SPR was not significant (P>0.05) (Table 
4.1). Cover crops did not impact SPR, however, ρb was significantly lower for CC than 
that of fallow plots (1.27 vs 1.35 g cm-3). The interaction of ‘rotation by cover cropping 
system’ was statistically insignificant for ρb and SPR (P>0.05). The non-significant 
impact of crop rotations may be attributed to similar root characteristics (i.e. fibrous root 
system) for most of the crops (i.e. corn, oat and wheat) in our studied crop rotations. Our 
results are consistent with other no-till studies (e.g., Katsvairo et al., 2002; Varvel and 
Wilhelm, 2011), where these studies showed that crop rotation did not affect ρb and SPR. 
Nevertheless, CC reduced ρb as compared to the fallow plots, which corroborates with 
other investigations (e.g., Haruna and Nkongolo, 2015; Mitchell et al., 2017). In this 
study, the CC treatment included the crops having different root systems, such as fibrous 
(i.e. rye), adventitious (i.e. millets) and tap roots (i.e. legumes and Brassica spp.). These 
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roots of different species can penetrate soils more effectively (Chen and Weil, 2010), and 
thus help in reducing the soil compaction under the NT-fallow system.  
4.3.3. Computed Tomography-Measured Pore Parameters 
 The representative 3-D images of soil pore structure from different treatments are 
presented in Figure 4.2. Soils from the CSOW-CC treatment reflect numerous soil pores, 
clearly showing the general higher porosity than the other treatments. This visualization 
of soil pores corroborated a reflection of pore-size distribution calculated from CT 
images (Table 4.2). Averaged across cover cropping system, the number of CT measured 
total pores, macropores and coarse mesopores were significantly increased (P<0.05) with 
CSOW as compared to the CS by 75, 60 and 82%, respectively. Similar to pore counts, 
the total porosity and macroporosity values were higher with CSOW as compared to 
those with CS by 43 and 36%, respectively, whereas, mesoporosity was doubled with 
CSOW than the CS rotation. Averaged across crop rotations, the CC plots had 34% 
greater macropores than the fallow plots, whereas, it was not different for total pores and 
coarse mesopores count (P>0.05). Our results are consistent with the finding of Cercioglu 
et al. (2018) in the Mexico silt-loam (fine, smectitic, mesic Vertic Epiaqualfs), where 
they observed greater macropore counts with rye-hairy vetch and Austrian winter pea CC 
as compared to no-CC. Total porosity and macroporosity were 43 and 60%, respectively, 
higher with CC as compared to fallow plots, whereas, mesoporosity was not different 
between CC and fallow plots. Villamil et al. (2006) observed a greater macropore and 
mesopore volume with the use of CC in rotations compared with no cover crops. 
 The interaction of ‘rotation by cover cropping’ was not statistically significant for 
different classes of pore counts (P>0.05). However, the interaction of ‘rotation by cover 
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cropping’ system was statistically significant for different size of pore classes (P<0.05). 
Data suggests that total porosity and macroporosity under CSOW-CC were 
approximately double than that of the CS-fallow treatment. Whereas, values of porosity 
and macroporosity were not significantly different between CS-CC, CS-fallow and 
CSOW-fallow treatments. Changes in pore-size distribution can influence soils ability to 
transport water (Pachepsky et al., 2000). Higher CT-measured soil macroporosity under 
CSOW and CC can enhance the infiltrate of water from snow or rain under these 
treatments. The greater number of macropores in CSOW and CC may increase 
precipitation capture, reduce surface runoff and increase SWR. Likewise, when these 
transmission pores are air-filled, higher rates of gas transmission can be expected from 
CSOW and CC treatments as compared to the CS and fallow management, respectively.  
4.3.4. Soil Water Retention 
 Data on average SWR at different m under different crop rotations and cover 
cropping systems are illustrated in Table 4.3 and Figure 4.3. Rotation and cover cropping 
system significantly impacted the SWR at each m (P<0.05). Averaged across cover 
cropping system, the CSOW rotation retained significantly higher amount of water by 9, 
9, 11, 12, 12, 13, 13, and 14% compared to that under the CS rotation at m of 0, −0.4, 
−1.0, −2.5, −5.0, −10.0, −20.0, and −30.0 kPa, respectively. Averaged across crop 
rotations, SWR under CC plots had 12, 13, 14, 10, 15, 16, 16, and 19% higher compared 
to that under fallow plots at m of 0, −0.4, −1.0, −2.5, −5.0, −10.0, −20.0, and −30.0 kPa, 




 The SWR curves fell clearly into two distinct groups, separating those of CS and 
fallow from CSOW and CC, respectively with the latter two systems retaining more 
water over the range of studied m (Fig. 4.2). Kazula et al. (2017) had similar results, 
where they attributed greater SWR with CSW than the CS to dense and fine root system 
of winter wheat. The higher moisture retained in soils under CC could be due to the 
ground cover and residue effect upon their incorporation. Villamil et al. (2006) reported 
that lower ρb and higher porosity in CC soils increased the SWR. This positive effect of 
crop diversification on SWR properties is also a reflection of differences in soil structure 
(WAS) and SOC levels, as we observed a significant positive correlation between WAS 
and SOC with water content at m of 0.0 and -30.0 kPa (data not shown).  
4.3.5. Saturated Hydraulic Conductivity and Infiltration Rate 
 Crop rotation significantly increase the Ksat and qs, where soils under CSOW 
rotation increased these parameters by approximately 4 times as compared to those under 
CS rotation (Table 4.4). Fuentes et al. (2009) attributed greater qs with rotations that have 
more frequency of wheat as opposed to corn dominated rotations. Although biomass 
production is lower in wheat than in corn, but higher plant and root density with former 
than latter can promote uniform soil cover and increased qs. Katsvairo et al. (2002) 
documented greater qs with CSW than CS to higher earthworm densities.  
 Soils under CC had 1.5 times greater Ksat and qs compared to the fallow plots 
(Table 4.4). Mitchell et al. (2017) attributed higher qs to development of root channels 
from higher earthworm populations in surface CC soils than in fallow soils. Ground cover 
with CC promotes qs, especially during bare fallow period, which could be susceptible to 
surface sealing with wet-dry events and water erosion during spring season (Lawal and 
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Lawal, 2017). Haruna et al. (2018b) also reported a trend of higher Ksat in CC compared 
to fallow management. 
4.3.6. Relationships of Soil Pore Parameters with Soil Properties 
 In general, the results for both CT-measured pore characteristics and traditional 
method for determining porosity using SWR (data not shown) and other hydraulic 
properties reflect a similar trend between managements. Soil ρb has a strong negative 
correlation with all sizes of soil pores (porosity, macroporosity and coarse mesoporosity) 
and pore numbers (total number of pores, number of macropores, number of coarse 
mesopores), which is consistent with other studies (e.g., Udawatta et al., 2006; Yang et 
al., 2018) (Table 4.5). Water transport properties such as Ksat and qs were positively 
correlated with each of the CT-measured pore parameter. Based on the correlations, 
predictive equations for Ksat and qs were developed through stepwise linear regression 
analysis with all the variables listed in Table 5.  
The potential equation to predict Ksat was:  
𝐾sat = 338.65 + 0.03 x Macrocount − 282.74 x ρb 
            (r2 = 0.74; P < 0.001).                                                             (1) 
The potential equation to predict qs was: 
𝑞s = −527.56 + 151.72 x SOC + 5084.26 x CT porosity 
(r2 = 0.80; P < 0.001).                                                              (2) 
 The stepwise linear regression analysis showed that the macropore count 
accounted for 63% (p < 0.001) of the variability in Ksat, while ρb accounted for only 11% 
(p < 0.001) of the variability in Ksat data [eq. (1)]. Overall, the macropore count and ρb 
explained about 74% of the variability in the Ksat. The SOC concentration accounted for 
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74% (p < 0.001) of the variability in qs and CT-porosity accounted for only 6% (p < 
0.001) of the variability in qs data [eq. (2)]. Collectively, SOC concentration and CT-
porosity explained approximately 80% of the variation in the qs. Our study postulates that 
macropore count and SOC concentration can be the essential properties affecting the Ksat 
and qs, respectively. However, the effects of changes in ρb on Ksat were smaller compared 
with the effect of macropore count. Other studies have also found significant positive 
correlations between Ksat and macroporosity (Kumar et al., 2010; Luo et al., 2010). The 
CT-measured pore parameters were positively correlated with all other soil properties 
(total porosity, field capacity, SOC, TN and WAS) except SPR, suggesting an 
improvement in CT-measured soil porosity with the enhancement in SOC and WAS, 
which is potentially important to reduce the soil loss through runoff. 
 
4.4. Conclusions 
 This study used the X-ray CT scanning approach to investigate the impacts of 
crop rotations and CC on near-surface soil pore characteristics. Data showed that diverse 
crop rotation and CC increased the SOC and TN concentrations compared with the CS 
rotation and fallow systems, respectively, and hence CSOW with winter CC improved the 
soil pore parameters (e.g., pore number and porosity). The CSOW rotation decreased the 
soil ρb, and increased the WSA, SWR, qs and Ksat as compared to the CS and fallow. A 
strong correlation was observed between different soil properties and the CT-measured 
soil pore characteristics.  
This study suggests that application of CS rotation without any CC can deplete 
SOC, and deteriorate near-surface soil physical properties (e.g., WAS and ρb) which can 
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negatively impact soil pores and associated hydrological properties (e.g., qs, Ksat and 
SWR). Therefore, adding small grains (oat and winter wheat) to the 2-yr CS rotation and 
implementing CC can be beneficial to enhance soil pore characteristics and hence the 
hydrological properties. Further, CT approach is beneficial to characterize, analyze and 
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Table 4. 1. Average soil organic carbon (SOC), total nitrogen (TN), wet aggregate 
stability (WAS), soil bulk density (ρb) and soil penetration resistance (SPR), under corn-
soybean (CS) and corn-soybean-oat-winter wheat (CSOW) rotations managed with (CC) 
and without cover crop (fallow) systems. 
Treatments SOC TN WAS ρb SPR 
 g kg-1 g kg-1 % g cm-3 MPa 
Rotation (R)      
CS 33.7b† 4.41b 88.9b 1.36 2.71 
CSOW 39.1a 4.98a 92.7a 1.27 2.63 
Cover cropping (C)      
CC 38.9a 4.95a 91.5a 1.27a 2.58 
Fallow 33.9b 4.44b 90.2b 1.35b 2.76 
R x C      
CS - CC 34.6b 4.55 89.2 1.33 2.59 
CS - fallow 32.8b 4.28 88.7 1.38 2.83 
CSOW - CC 43.1a 5.35 93.8 1.22 2.56 
CSOW - fallow 35.0b 4.60 91.7 1.33 2.69 
 Analysis of variance P > F 
R 0.01 0.01 <0.01 0.09 0.74 
C 0.01 0.01 0.02 0.01 0.51 
R x C 0.04 0.10 0.12 0.23 0.84 
† Within columns, values followed by same letter for rotation, cover cropping, and rotation by cover 
cropping systems are not significantly different at the 0.05 probability level.
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Table 4. 2. Average total number of pores (pores, macropores, and coarse mesopores) and total porosity (porosity, macroporosity, and 
coarse mesoporosity) measured by computed tomography under corn-soybean (CS) and corn-soybean-oat-winter wheat (CSOW) 






 Porosity Macroporosity Mesoporosity 
    -------------------------- m3 m-3 ------------------------ 
Rotation (R)       
CS 6482b† 2046b 4436b 0.014b 0.011b 0.003b 
CSOW 11370a 3277a 8093a 0.020a 0.015a 0.006a 
Cover cropping (C)       
CC 9958 3052a 6905 0.020a 0.016a 0.005 
Fallow 7895 2271b 5624 0.014b 0.010b 0.004 
R x C       
CS - CC 6980 2184 4794 0.015b 0.012b 0.003 
CS - fallow 5984 1908 4076 0.013b 0.010b 0.003 
CSOW - CC 12935 3921 9014 0.026a 0.020a 0.006 
CSOW - fallow 9806 2634 7172 0.015b 0.010b 0.005 
 Analysis of variance P > F 
R <0.01 0.01 <0.01 <0.01 <0.01 <0.01 
C 0.06 0.02 0.12 <0.01 0.01 0.15 
R x C 0.28 0.08 0.46 0.03 0.03 0.36 
† Within columns, values followed by same letter for rotation, cover cropping, and rotation by cover cropping systems are not significantly different at the 0.05 
probability level.  
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Table 4. 3. Average soil water content as a function of soil water pressure (0.0 to −30 kPa) under corn-soybean (CS) and corn-
soybean-oat-winter wheat (CSOW) rotations managed with (CC) and without cover crop (fallow) systems. 
 Soil water pressure (kPa) 
Treatments 0.0 -0.4 -1.0 -2.5 -5.0 -10.0 -20.0 -30.0 
 ---------------------------------------------------------- m3 m-3 -------------------------------------------- 
Rotation (R)         
CS 0.47 0.46b† 0.44b 0.41b 0.41b 0.38b 0.38b 0.37b 
CSOW 0.51 0.50a 0.49a 0.46a 0.46a 0.43a 0.43a 0.42a 
Cover cropping (C)         
CC 0.51a 0.51a 0.50a 0.46a 0.46a 0.44a 0.43a 0.43a 
Fallow 0.46b 0.45b 0.44b 0.40b 0.40b 0.38b 0.37b 0.36b 
 Analysis of variance P > F 
R 0.05 0.03 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
C <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
R x C 0.93 0.86 0.78 0.24 0.15 0.09 0.09 0.09 
† Within columns, values followed by same letter for rotation and cover cropping systems are not significantly different at the 0.05 probability level. 
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Table 4. 4. Mean values and standard errors of saturated hydraulic conductivity (Ksat) and 
steady state infiltration rate (qs) under corn-soybean (CS) and corn-soybean-oat-winter 
wheat (CSOW) rotations managed with (CC) and without cover crop (fallow) systems. 
Treatments Ksat qs 
 mm h-1 mm h-1 
Rotation (R)   
CS 19.8 ± 4.4b† 37.8 ± 8.8b 
CSOW 92.0 ± 21.8a 184.1 ± 37.3a 
Cover cropping (C)   
CC 79.8 ± 25.2a 159.0 ± 46.2a 
Fallow   32.0 ± 8.4b 62.8 ± 14.4b 
 Analysis of variance P > F 
R <0.01 <0.01 
C 0.03 <0.01 
R x C 0.92 0.41 
†Within columns, values followed by same letter for rotation and cover cropping systems are not 
significantly different at the 0.05 probability level. 
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 Porosity Macroporosity Mesoporosity 
ρb -0.51* -0.61* -0.46 -0.63** -0.64** -0.50* 
SPR 0.07 0.06 0.08 0.02 -0.03 0.08 
Ksat 0.73** 0.80*** 0.67** 0.77*** 0.72** 0.71** 
qs 0.70** 0.75*** 0.66** 0.78*** 0.72** 0.70** 
Total porosity 0.77*** 0.72** 0.75*** 0.69** 0.59* 0.69* 
Field capacity 0.64** 0.58* 0.64** 0.49 0.39 0.59* 
SOC 0.73** 0.78*** 0.69** 0.74** 0.69** 0.70** 
TN 0.75*** 0.76*** 0.72** 0.73** 0.65** 0.72** 
WAS 0.85*** 0.72** 0.87*** 0.62* 0.47 0.85*** 
ρb (soil bulk density), SPR (soil penetration resistance), Ksat (saturated hydraulic conductivity), qs (steady state infiltration rate), SOC (soil organic carbon), TN 
(total nitrogen), and WAS (wet aggregate stability). 
* Correlation is significant at the 0.05 level. 
** Correlation is significant at the 0.01 level. 




Fig. 4. 1. Workflow showing the procedures involved in image processing of X-ray 




Fig. 4. 2. 3-D images of soil pore structure detectable on X-ray computed tomography for 
(A) corn-soybean with cover crop; (B) corn-soybean with fallow; (C) corn-soybean-oat-
winter wheat with fallow, and (D) corn-soybean-oat-winter wheat with cover crop. Soil 







Fig. 4. 3. Soil water retention curves under corn-soybean (CS) and corn-soybean-oat-
winter wheat (CSOW) rotations managed with (CC) and without cover crop (fallow) 
systems. Note: Except at 0.0 kPa in (A), soil water content is statistically different for 





RESPONSES OF SOIL MICROBIAL COMMUNITY STRUCTURE AND 
GREENHOUSE GAS FLUXES TO CROP ROTATIONS THAT INCLUDE 
WINTER COVER CROPS 
ABSTRACT 
Agricultural crop diversity has the potential to alter soil microbial community and 
greenhouse gas (GHG) emissions. To test this hypothesis, we conducted a field study on 
silty clay loam soil in south-east South Dakota under two crop rotations; 2-yr, maize (Zea 
mays L.)-soybean (Glycine max L.) and 4-yr, maize-soybean-oat (Avena sativa)-winter 
wheat (Triticum aestivum) managed with winter cover crop and fallow management 
under no-till system. Phospholipid fatty acid (PLFAs) profiles were used to assess 
relative abundance of broad taxonomic groups of soil microorganisms in four active 
growing seasons. Static chamber technique was used to monitor CO2, CH4, N2O fluxes 
weekly during the growing seasons of maize and soybean phases in 2017 and 2018, 
respectively. Total PLFAs and relative abundance of total bacterial and fungal biomass 
were not affected by the treatments within each sampling event. However, averaged over 
the study period; total PLFAs and abundance of total bacterial biomass as well as their 
sub-groups (Gm+, Gm–, and actinomycetes) were statistically greater with 4-yr as 
compared to the 2-yr rotation, whereas there was no difference between cover crop and 
fallow plots. Regardless of cover cropping management, the 2-yr rotation had greater 
CO2 emissions than the 4-yr during growing season of 2017. However, 4-yr rotation 
increased the GHG fluxes during spring thaw of 2018, whereas, its effect was convoluted 
with cover cropping system (i.e. interaction effect) for summer and fall sampling dates. 
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Cumulative CO2 tended to be greater under cover crop than the fallow when averaged 
over rotations during 2017 (p = 0.106), however, significant interaction effect during 
2018 suggested that cover crops had lower CO2 emissions than the fallow only under 2-yr 
rotation (p = 0.009). This study suggests that cropping system diversification achieved by 
extending length of rotations through small grains and by growing winter cover crops 
such as winter rye under no-till system has the potential to alter microbial community 
composition and mitigate GHG emissions. 
Keywords: Winter cover crops; Fallow; Diversified crop rotations; Greenhouse gas 




Globally, agricultural activities are responsible for 12% of the total greenhouse 
gas (GHG) emissions to the atmosphere (Linquist et al., 2012). Agriculture can act both 
as a source and sink for GHG emissions, depending on soils, climate and management. In 
agricultural systems, a frequent disturbance to soils from tillage practices (Behnke et al., 
2018), crop type in rotation systems (Snyder et al., 2009), irrigation (Eichner, 1990) and 
excess nutrient inputs (Norton, 2008) can enhance CO2 and N2O emissions, and decrease 
the soil sink for atmospheric CH4 emissions (Mosier et al., 2006). Efflux of CO2 is 
primarily through microbial decomposition of soil organic matter (SOM) and respiration 
of plant roots, which is respectively estimated to be 51 and 40 Pg C yr−1 (Hashimoto et 
al., 2015; Janzen, 2004). Similarly, agriculture related N2O and CH4 emissions are 
responsible for 60 and 50% of total anthropogenic emissions, respectively (Forster et al., 
111 
 
2007). Therefore, it is important to develop conservation strategies to mitigate GHG 
emissions in agricultural systems.  
Maize (Zea mays L.) and soybean (Glycine max L.) are the two summer row-
crops, largely planted in a maize monoculture or 2-yr maize-soybean rotation around 
70% of the Midwest Corn Belt region (NASS, 2016; Suyker and Verma, 2012). This 
large amount of land for growing just maize and soybeans has a broader environmental 
concerns because production of these two crops is less natural resource based, and more 
strongly driven by the use of agrochemical to enhance the crop yields. Intensive fertilizer 
inputs in maize (Robertson et al., 2000) and nitrogen (N)-fixing soybeans supply N 
substrate (Behnke et al., 2018) to produce N2O emissions naturally in the soil through 
nitrification and denitrification processes (Follett, 2001; Mosier et al., 2006). Likewise, 
large amounts of mineral N (as residual N) remain in the soil after crop harvest (Sanchez‐
Martin et al., 2010), which can stimulate GHG production. This is because N release due 
to mineralization of previous crop residues (IPCC, 2007), fertilizer application method, 
and timing (Drinkwater and Snapp, 2007) are usually poorly synced with the crop N 
uptake (Jan et al., 2011). The fertilized crop takes up less than half of the applied N, and 
leaving excess available for loss through leaching and/or denitrification during both the 
crop growing and fallow periods (Aguilera et al., 2013; Millar et al., 2010; Sanz-Cobena 
et al., 2012). Agricultural techniques with an objective to increase the retention of 
residual N, reducing the external fertilized N inputs, and enhancing the carbon (C) 
storage in the cropping system is often recommended to minimize GHG emissions 
(Follett, 2001; Sainju et al., 2003). Based on this, inclusion of small grains [e.g., winter 
wheat (Triticum aestivum L.), barley (Hordeum vulgare L.), oat (Avena sativa L.)] in 
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crop rotations and replacing bare winter fallow with cover crops have been proposed as a 
management alternative to diversify cropping systems in the U.S. Corn Belt region 
(Gaudin et al., 2013). In a system where crop rotations with gramineous species such as 
rye (Secale cereale L.) is used as a winter soil cover after main crop harvest, it can 
decrease NO3 concentration though residual N uptake during early growth stages and 
immobilize during residue decomposition process in the forthcoming crops (Thorup-
Kristensen et al., 2003). Likewise, Liebman et al. (2008) suggested that when 2-yr maize-
soybean rotation was diversified with additional small grain + red clover (Trifolium 
pratense L.) treatment (3-yr), and small grain + alfalfa (Medicago sativa L.)/alfalfa 
treatment (4-yr), synthetic N fertilizer use was reduced by 59 and 74% in the 3- and 4-yr 
systems, respectively, than in the 2-yr system; without sacrificing the economic returns. 
In addition, different crop species (e.g., 4-yr rotation cycle) and residues during bare 
fallow period may lead to a greater abundance and diversity of plant litter (Venter et al., 
2016), which in-turn can increase soil organic matter (SOM) (Gregorich et al., 2001; 
Maiga et al., 2019; Russell et al., 2005). Therefore, residues from increased rotation 
complexity and cover crops can improve nutrient use efficiency, increase SOC and have 
potential to mitigate GHG emissions (Baggs et al., 2000).  
To understand GHG dynamics in response to management, the understanding of 
soil microbial community structure is simultaneously required (Schimel and Gulledge, 
1998). Soil microorganisms and the processes (i.e. respiration, methanogenesis, 
nitrification or denitrification) they govern, control variability of GHG fluxes over time 
(Helgason et al., 2010; Venterea et al., 2012). Changes that occur in response to soil 
temperature, water content (Stark and Firestone, 1995), nutrient availability, pH (Lauber 
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et al., 2009), or soil management (e.g., crop rotation and cover crops) can alter microbial 
processes (Attard et al., 2011) by modifying physiology and population dynamics of the 
microbes and hence impact GHG emissions (Ludwig et al., 2001). Different plant species 
not only alter land cover by providing different quality and quantity of plant residues left 
on the soil, but also modifies rhizosphere with different root exudates. Hence, the 
composition and biomass of soil microbial communities can be markedly influenced by 
crop rotations and cover crops because different plants in rotations scheme and changing 
chemical fallow into green fallow can favor distinct soil microbial taxa (Acosta-Martinez 
et al., 2007; Calderon et al., 2016; Mitchell et al., 2010). 
It is however, argued that changes in microbial community structure exert little 
influence on soil respiration because it results from many distinct microbial metabolic 
processes (Schimel, 1995; Schimel and Schaeffer, 2012). Unlike CO2, the soil CH4 (i.e. 
methanogenesis) and N2O (i.e. nitrification or denitrification) fluxes involve a specific 
physiological pathway (Schimel and Schaeffer, 2012), where fluxes may be carried out 
by a specific group of organisms (Groffman and Bohlen, 1999) that use a limited range of 
substrates and a common set of enzymes (Schimel, 1995). For instance, methane 
oxidation is carried out by groups of gram negative (Gm–) bacteria called methanotrophs 
(Lidstrom, 1996), those use CH4 as their sole energy C source (Brusseau et al., 1994) and 
distinct monooxygenase enzyme (DiSpirito et al., 1991) for CH4 consumption. Similarly, 
soil nitrifier and denitrifier microorganisms are reported to be distributed in both the Gm– 
and gram positive (Gm+) bacteria (Schimel, 1995). Nevertheless, it is expected that soil 
microbial community structure can understand system level difference in GHG dynamics 
and may provide a link between microbial ecology and soil functioning. 
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Published studies have generally investigated either gaseous flux or the microbial 
community structure, but rarely investigated these properties simultaneously across a 
management in a single study. Thus, in this study, we measured the fluxes of soil surface 
CO2, N2O, and CH4 and assessed microbial community structure across two different 
length of rotations [maize-soybean (2-yr) and maize-soybean-oat-winter wheat (4-yr) 
managed with winter cover crop and fallow (no cover crop). We hypothesized that 
diversified crop rotations (4-yr) and winter cover crops result in distinct microbial 
communities and less GHG emissions compared to the 2-yr maize-soybean rotation and 
fallow management, respectively. Specific objectives of the study were to: (i) assess the 
impacts of crop rotations and cover crop management on soil microbial community 
structure, and (ii) investigate responses of soil surface GHG emissions in relation to 
rotation and cover crop treatments. 
 
5.2 Materials and Methods 
5.2.1. Site characterization, treatments, and crop management 
The experimental site was located at Southeast Research Farm of the South 
Dakota State University (43° 02’ 58” N, 96° 53’ 30” W) in Clay County, South Dakota, 
USA. Soil type was Egan soil (fine-silty, mixed, superactive, mesic Udic Haplustolls). 
The region has a humid continental climate with the mean annual precipitation of 
approximately 650 mm, and the average maximum and minimum temperature of 14.7°C 
and 1.84°C, respectively. The experimental plots were initially established beginning in 
1991, those included two crop rotations [maize-soybean (2-yr) and maize-soybean-oats-
winter wheat (4-yr)] managed with no-till system with each crop phase of each rotation 
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present each year. Treatments were replicated four times. Following the main crop 
harvests in the fall of 2013, the plot layout was modified into split-plot, with 10 m long 
by 90 m wide for winter cover cropping treatments (cover crop and fallow). Hence, crop 
rotation was the main plot factor and cover cropping was the sub-plot factor randomly 
assigned within both the rotations.  
An overview of the cropping sequence for rotations with and without cover crops 
is given in Table 5.1. Winter rye, and mixture of broadleaf blend [radish (Raphanus 
sativus L.), 2.35 kg ha-1; dwarf essex, 1.46 kg ha-1; turnip (Brassica rapa L.), 0.34 kg ha-
1; peas (Pisum sativum L.), 4.93 kg ha-1; lentil, 3.59 kg ha-1; oat, 5.38 kg ha-1; cowpea 
(Vigna unguiculata L.), 1.79 kg ha-1; millet, 1.79 kg ha-1; hairy vetch (Vicia villosa 
Roth.), 2.91 kg ha-1] were used as cover crops in this study. Since 2013, winter rye was 
direct seeded between maize and soybean immediately after maize harvest in 2-yr and 4-
yr rotations and were sprayed out using a mix of herbicides (1.01 kg ha-1 a.i. glyphosate + 
1.07 ha-1 a.i. metolachlor + 0.18 kg ha-1 a.i. metribuzin + 0.02 kg ha-1 a.i. saflufenacil) 
ahead of soybean planting. Broadleaf blend was seeded after winter wheat harvest only in 
the 4-yr rotation before the maize planting. Whereas, no-cover crop plots represent 
chemical fallow. From 1991 to 2011, the small grain crops (oats and winter wheat) under 
the 4-yr rotation were not consistent; however, maize and soybean followed a continuous 
sequence in both the rotations. Changes in fertilizer rates associated with rotation and 
cover crops N credits were not taken into account during the management of various 
crops. Burndown of weeds was achieved with glyphosate applied at 0.92 kg a.i. ha-1 for 
all the crops subsequent to planting. An overview of the chronological events in this 
study is highlighted in Table 5.2. 
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5.2.2. Soil sampling and analysis 
Soil samples at 0- to 7.5- cm depth were collected using auger for microbial 
analysis and available N concentrations in 2017 and 2018 growing seasons at two 
separate times: summer (June 23, 2017 and mid-July 2018) and fall (September 3, 2017 
and September 8, 2018). Four samples were taken from each replicated plot, composited, 
and stored overnight at 4°C for analyzing microbial community structure and available N 
concentrations: ammonium and nitrate (NH4-N and NO3-N). Concentrations of NH4-N 
and NO3-N from soil extracts (1M KCl) were measured colorimetrically by discrete flow 
analysis with an AQ270 Discrete Analyzer (SEAL Analytical Inc., WI). 
5.2.3. Phospholipid fatty acid analysis 
Analysis for microbial community structure was performed by using PLFA 
analysis method (Clapperton et al., 2005) at Ward Laboratories, Inc. (Lincoln, NE). 
Briefly, total soil lipids were extracted from approximately 2g of soil in a 
dichloromethane (DMC)-methanol-citrate buffer (1:2:0.8 v/v) system. Phospholipids 
were separated from neutral lipids and glycolipids in silica gel columns. Fatty acid 
methyl esters (FAMEs) were created through mild acid methanolysis. The PLFA methyl 
esters were analyzed on an Agilent 7890A gas chromatography (GC, Agilent Tech. Co., 
USA) equipped with a CP-7693 auto-sampler and a flame ionization detector. Hydrogen 
was used as the carrier gas (30 ml/min). Retention times and peak areas for components 
of MIDI standards (Microbial ID, Inc., Newark, DE) were compared to identify and 
quantify the fatty acids. Absolute amount of individual FAMEs (ng PLFA-C g-1 soil) 
were calculated using the 19:0 internal standard. The sum of all PLFAs was used to 
estimate total microbial biomass. Different bacteria biomarkers identified and summation 
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of the bacterial sum included Gram positive (Gm+) bacteria (i15:0, a15:0, i16:0, i17:0, 
a17:0), Gram negative (Gm–) bacteria (cy17:0, cy19:0, 16:1w7, 2-OH 16:0, and 
c18:1w7) and actinomycetes (10Me16:0,10Me17:0, 10Me18:0) (Zelles, 1999). Similarly, 
total fungal biomass included saprophytic biomarkers (18:3w3, c18:2w9, and c18:1w9) 
(Robie and White, 1989) and an arbuscular mycorrhizal fungi (AMF) associated 
biomarker (16:1ω5 and 20:4 ω6) (Graham et al., 1995). The fungal/bacterial (F:B) ratio 
was calculated by dividing the fungal sum by the bacterial sum. 
5.2.4. Soil surface GHG monitoring 
Measurement of the soil-atmosphere exchange of GHG emissions started on 29 
June 2017 following the vented chamber-based procedure described by Parkin and 
Venterea (2010). Measurements were conducted one to two times per week depending on 
weather conditions during the 2017 and 2018 growing seasons. The GHG measurements 
were usually conducted between 10:00 AM to noon. The chambers, made of polyvinyl 
chloride (PVC) pipe anchors (25-cm internal diameter and 15-cm height), were installed 
between crop rows in every plot throughout the season and remained intact during the 
entire sampling period. The chamber cover was removable, and also made of white PVC 
which contain a vent tube and sampling port. Gas samples were collected using the 
syringe at 0, 20, and 40 min after installation. Gas samples were then injected into argon-
filled 10-ml vials and transported to the laboratory in Brookings for analysis using Gas 
Chromatograph with a flame ionization detector and a lepton capture detector each at 
260°C (CombiPAL; CTCAnalytics, Zwingen, Switzerland). Daily flux of GHG was 
estimated from the concentration in the chamber headspace over 40 min collection 
period. Soil water content (volumetric basis) and soil temperature at the 0- to 5-cm depth 
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were measured at each gas sampling event using HH2 moisture sensor (Delta-T-Devices, 
Cambridge, England) and a thermometer (Acurite Digital Meat Thermometer, 00641W, 
AcuRite Company, Geneva, WI), respectively. The average daily maximum and 
minimum air temperature and precipitation (mm) for each year (2017 and 2018) 
measured at the research site was collected from the South Dakota Mesonet Database. 
5.2.5. Data analysis and statistical methods 
To analyze changes in microbial community structure and available N 
concentration in conjunction with GHG fluxes, the data on GHG flux measurements was 
grouped into three periods based on sampling date; spring (April and May, only in 
soybean phase-2018), summer (June through August), and fall (September and October). 
Soil available N concentration and microbial community structure data from every 
sampling event and GHG flux data from each season was analyzed separately for both 
years. To analyze the cumulative GHG emissions, days without measurements were 
estimated using the arithmetic mean of neighboring measurements (Mei et al., 2011). The 
seasonal cumulative GHG emissions were calculated by summing the daily fluxes for 
different treatments. Rotation was used a main-plot factor and cover cropping system was 
a split-plot factor for the data analysis. 
Linear Mixed models were performed using the MIXED procedure of SAS 
software version 9.4 (SAS Institute, Cary, NC). For analysis of PLFAs, NO3-N, NH4-N 
concentration and cumulative GHG fluxes: rotation, cover cropping system and their 
interaction were considered as fixed variables, and replication and replication x rotation 
were considered as random variables. While analyzing GHG fluxes and soil temperature 
and moisture contents, data were analyzed using the sampling date as a repeated measure 
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variable. Mean values were separated using pairwise differences method (adjusted by 
Tukey). Statistical differences were declared significant at α= 0.10 level. 
 
5.3 Results 
5.3.1. Climate, soil temperature and volumetric water content 
Daily mean air temperature and precipitation for 2017 and 2018 are shown in Fig. 
5.1. The average daily precipitation for 2017 and 2018 was 750 and 900 mm, which was 
about 15 and 40% higher than the 65-yr average of 650 mm, respectively. The average 
temperature in 2017 (8.9°C) was higher by 8%, whereas, in 2018 (6.4°C), it was lower by 
15% compared to the 65-yr average temperature of 8.3°C.  
 Soil temperature and volumetric water content during the study period for both 
the rotations and cover cropping systems are shown in Fig. 5.2. In 2017, average across 
the sampling dates, soil temperature was significantly greater in 2-yr than the 4-yr 
rotation (p = 0.049) (Fig. 5.2a), whereas, it was not different between cover cropping 
management (p = 0.824) (Fig. 5.2b). Average across measurements dates in 2018, soil 
temperature was not different between rotation and cover cropping systems, however, a 
significantly greater peaks of soil temperature under 2-yr as compared to the 4-yr rotation 
was recorded for two days before planting of the soybean (p< 0.05) and also on July 25, 
2018 (p = 0.019). Volumetric soil water content varied with the measurement dates and 
responded to daily precipitation. Averaged across measurements dates, soil water content 
was not affected by rotation and cover cropping management over the study period (p > 
0.05) (Fig. 5.2 c, d).  
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5.3.2. Soil inorganic nitrogen concentration 
The effect of treatments on inorganic NO3-N and NH4-N at 0-7.5 cm depth in two 
different sampling times for both years is shown in Table 5.3 and 5.4. Treatments did not 
influence NO3-N content during the maize growing season (2017). During the growing 
season of soybean phase (2018), rotation by cover cropping interaction was observed at 
fall sampling date. Data suggests that 4-yr had 25% greater NO3-N than 2-yr rotation 
under the cover crop plots. The NH4-N concentration under fallow was 17% greater than 
the cover crop plots during the maize phase in summer 2017, whereas, it was no different 
during the soybean phase in 2018.  
5.3.3. Greenhouse gas emissions 
In general, daily soil CO2 fluxes were greater under 2-yr in comparison to the 4-yr 
rotation throughout a maize phase in 2017 (Fig. 5.3a). Differences were not observed by 
summer grouping of sampling dates (June-August), but CO2 fluxes were significantly 
affected by rotation in the fall (Sept.-Oct.), where on an average, the 2-yr had 17% 
greater emission than the 4-yr rotation in 2017 (Table 5.3 and 5.4). However, the CO2 
trend in 2018 was opposite to that observed in 2017. Under the soybean phase in 2018, 
plots under 4-yr had 26% higher CO2 fluxes than the 2-yr rotation during spring (April-
May) season (Table 5.4), whereas, interaction effects suggest that fluxes were 31% 
higher with 4-yr than 2-yr rotation under cover crop plots during the fall season (Table 
5.5).  
The effect of cover cropping management on soil CO2 fluxes was not observed 
through seasonal groupings of dates in 2017 (Table 5.3), but cover crops increased soil 
CO2 fluxes for three sampling dates as compared to the fallow system (Fig. 5.4a). 
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Therefore, when data was added over the growing season in 2017, cumulative CO2 
tended to be 13% greater under cover crop than the fallow management (p = 0.106, Table 
5.6). Rye was planted as a winter cover crop on maize residues in cover crop plots on 9 
November 2017. Therefore, the impact of cover crop (rye) on CO2 emission was evident 
at spring of 2018 where cover crop plots had 17% greater CO2 fluxes than the fallow 
plots (Table 5.3 and 5.4). Although not statistically significant, but the effect of cover 
crop was especially noticeable for all the measurements dates those were taken before it 
was killed off by herbicides on 15 May 2018 (Fig. 5.4a). Averaged over rotation, the CO2 
fluxes under fallow plots for the fall sampling dates were 19% greater (p = 0.059) than 
the cover crop plots (Table 5.4). Furthermore, rotation by cover cropping interaction was 
observed for fall sampling dates and also, when data was added over the growing season 
in 2018. These interaction effects suggests that cover crops had less CO2 fluxes than the 
fallow plots under 2-yr rotation, whereas, it was not different in the 4-yr rotation (Table 
5.5 and 5.6). 
Differences due to rotation on N2O flux trends was non-significant through 
seasonal grouping of measurements for both years except in spring of 2018, where 
similar to CO2 fluxes, plots under 4-yr compared to the 2-yr rotation had 40% greater 
fluxes (Table 5.3, 5.4 and Fig. 5.3b). We observed increment in N2O fluxes under 4-yr 
than the 2-yr rotation in 2017, where these fluxes for two measurements were 
significantly different and the other 8 of the 14 were numerically greater in the 4-yr than 
the 2-yr rotation. In 2018, few peaks of N2O fluxes were observed in which, 3 
corresponding peaks were significantly higher with 2-yr than 4-yr rotation. Throughout 
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this study, the N2O trend was non-significant under cover cropping treatments (Fig. 5.4b 
and Table 5.3, 5.4).  
In this study, CH4 fluxes were not influenced by the treatments in 2017, whereas, 
effect of treatments was mixed and highly variable throughout the season of 2018 (Fig. 
5.3c, 5.4c and Table 5.3, 5.4). Significant interactions were observed by grouping spring 
and summer sampling dates of 2018. Similar to CO2 and N2O fluxes in the spring season, 
the 4-yr rotation had greater CH4 fluxes than the 2-yr rotation under cover crop plots 
(Table 5.5). However, CH4 trend was reversed during summer sampling dates. Results 
indicate that 4-yr rotation with cover crop led to uptake of CH4 as compared to a release 
in other treatments (Table 5.5). However, the mean comparison was only significant 
between the two rotations under cover crop plots. Furthermore, cover crops led to more 
uptake of CH4 as compared to fallow management during the fall sampling dates (p= 
0.098). 
5.3.4. Soil microbial groups 
The total PLFAs and abundance of total bacterial (sum of Gm+, Gm– and 
actinomycetes) biomass were not affected by the treatments when the data was analyzed 
within each sampling event (Tables 5.7). However, differences among systems in 
different sampling periods were observed for specific FAME biomarkers groups. In the 
summer of 2017 during maize phase (23 June), the total fungal biomass, F:B ratio, and 
saprophytic fungal biomarkers, were unexpectedly greater in fallow as compared to the 
cover crop plots only under 2-yr, whereas, these fungal communities did not differ 
between cover cropping system under 4-yr rotation (Table 5.8). These interactions 
between rotation and cover cropping system on microbial community structure were not 
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observed in any other sampling periods. Across cover cropping system, total fungal 
biomass (P = 0.098), actinomycetes (P = 0.065), and Gm+ bacterial (P = 0.106) 
communities were observed to be greater in 4-yr as compared to the 2-yr rotation for the 
fall of 2017. Unlike summer of 2017, no change in microbial community structure was 
observed between treatments at summer of 2018. During fall of 2018, FAME markers for 
bacterial (Gm+ and actinomycetes) populations attained significant higher levels in cover 
crops than with fallow treatment (Table 5.8).  
 
5.4 Discussion 
5.4.1. Effects of crop rotation on soil microbial groups 
The present study represents a relatively homogenous group of rotations, where 
the diversity was only achieved by extending length of crop rotation with two 
consecutive small grains (i.e. oat followed by winter wheat). In addition, both of the 
studied crop rotations were managed with the no-till system, where crop residues were 
retained on the soil surface. This might explain why total PLFAs and total bacterial 
biomass were not affected by the type of rotation within each sampling event (Table 5.7), 
and this was consistent with other crop rotation studies (e.g., Navarro-Noya et al., 2013; 
Zhang et al., 2014). Orwin and Wardle (2005) also reported that plant species richness 
might have a substantial influence on crop biomass input, but it had minimum effect on 
soil microbial community composition or activity. Nevertheless, PLFAs biomarker 
concentrations were numerically higher with 4-yr as compared to the 2-yr rotation in each 
of the sampling period and thus, when the data was analyzed over the study period; total 
PLFAs and abundance of total bacterial biomass as well as their sub-groups (Gm+, Gm–, 
124 
 
and actinomycetes) were statistically greater with 4-yr as compared to the 2-yr rotation 
(Table 5.7 and 5.8). These distinct microbial community abundances between 2-yr and 4-
yr rotation could be attributed to so-called “rotation-effect” in this long-term study. Plants 
from different families can provide different root biomass and exudates in a rotation 
scheme, release specific compounds into the rhizosphere and thus act as an important 
resource to soil microbial community. Indeed, the decomposability of crop roots can vary 
between crop species, which can influence microbial biomass and community structure, 
alter nutrients availability to soil microbes, and thus also affect bacterial community 
populations (Acosta-Martinez et al., 2007; Guong et al., 2012). Similarly, greater 
abundance of AMF biomarkers concentration with 4-yr than 2-yr rotation over the study 
period (Table 5.8), suggests more structural stability of soil. This also supports our 
viewpoint of accrual in SOC and TN contents and greater aggregate stability observed 
with 4-yr in comparison to the 2-yr rotation, as reported in our previous studies (Maiga et 
al., 2019; Singh et al., 2020). AMF form hyphae in the rhizosphere (Begum et al., 2019), 
which affect aggregate formation and stabilization process (Tiemann et al., 2015), and 
been linked to SOM persistence and expedition (Jastrow et al., 2007).  
5.4.2. Effects of crop rotation on soil surface GHG fluxes 
 Soil respiration rates can be strongly affected by soil temperature as a feedback 
response of microbial metabolism (Oertel et al., 2016). In 2017, CO2 fluxes closely 
followed trends in soil temperature, whereby the variables were positively correlated at P 
< 0.0001 (r = 0.64; data not shown). Data suggests that 2-yr crop rotation had greater soil 
temperature than the 4-yr, which was reflected in the elevated CO2 emissions in 2-yr 
rotation compared to the 4-yr rotation in 2017 (Fig. 5.2a, 5.3a and Table 5.4). Lower soil 
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temperature and CO2 emissions under 4-yr than the 2-yr rotation can be attributed to the 
effect of higher surface residues from the previous crops, that virtually covered the 
significant ground cover of the next crop and thereby allow less exposure of surface soil 
to the solar radiations (Larney et al., 2003). 
Soil moisture is an important determinant that controlled the GHG emissions 
during spring-2018. This is a critical period in temperate environments during which, 
after the snow melt soil water content is close to saturation which favors N2O and CH4 
producing bacteria’s (Oertel et al., 2016). Additionally, as freeze-thaw events also 
predominates during the spring season, they influence GHG emissions by disaggregating 
soil particles and releasing additional nutrients for microbial metabolism (Christensen 
and Christensen, 1991; Lebender et al., 2014). In this study, soil moisture, although not 
statistically different, was either higher or similar with 4-yr than the 2-yr rotation plots in 
early spring sampling dates (Fig. 5.2c). Hence, CO2 and N2O fluxes were higher under 4-
yr than the 2-yr rotation during the spring-2018 (Fig. 5.3a, b and Table 5.4). The amount 
of CO2 production can increase with the increase in soil moisture content (Wilson and Al-
Kaisi, 2008) because soil wetness over half (60 to 80%) of saturation point can maintain 
transport medium for nutrients required for the metabolism of microbes during 
mineralization process (Borken and Matzner, 2009; Kimble et al., 1995). Similarly, 
relatively greater CH4 fluxes under 4-yr than the 2-yr rotation for cover crop plots could 
be attributed to predominance of anoxic zones that might enhanced methanogenesis rates 
during the spring period (Fig. 5.3c and Table 5.5).  
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5.4.3. Effect of cover cropping system on soil microbial groups 
The effect of winter cover crops on microbial community structure is generally 
considered as immediate after their termination or it cannot last beyond the subsequent 
crop (Calderon et al., 2016; Finney et al., 2017). Averaged across crop rotations over the 
study period, cover crop plots had statistically similar total PLFAs, bacterial and fungal 
biomass and their associated sub-groups concentration as compared to the fallow plots. 
Given that blend was the preceding cover crop in 4-yr rotation, its effect on fungal 
communities was not noticeable during the subsequent crop (maize) at the summer of 
2017 (23 June). However, F:B ratio, and saprophytic fungal biomarkers were relatively 
higher in fallow as compared to the cover crop under 2-yr rotation (Table 5.8). Whether 
the fallow increased fungal communities as compared to the cover crops in 2-yr rotation 
needs further assessment because the effect was convoluted with rotation (i.e. interaction 
effect) at this particular sampling stage, and similar trend was not observed at any other 
sampling events of the study. Nevertheless, the higher abundance of AMF markers in 4-
yr as compared to the 2-yr rotation under cover crop plots (Table 5.8) could be attributed 
to small grains (i.e. oat and winter wheat) and recent addition of cover crop residues that 
may have enhanced mycorrhizal associations in the diversified system (Mäder et al., 
2000; Stromberger et al., 2007). These interactions between rotation and cover cropping 
system on microbial community structure was not observed in any other sampling 
periods. 
Increments in soil bacterial PLFAs concentrations were observed during the fall 
of 2018 (Table 5.8). This is attributed to the higher residue producing winter cover crop 
(rye) in between 2017 (maize) and 2018 (soybean). Other studies have also noted that 
127 
 
cover crops can produce a general rise in soil bacterial PLFAs (Chavarría et al., 2016): 
specifically, the increment in Gm+  and actinomycetes, respectively, with cover crop 
treatments is reported by Gil et al. (2011) and Buyer et al. (2010). We observed a similar 
increase in these specific biomarkers under 4-yr rotation at the fall of 2017 (Table 5.8). 
Thus, it can be inferred that diversifying cropping systems by using cover crops and 
small grains can alter soil bacterial communities at least in the short-term, as observed in 
our research. 
5.4.4. Effects of cover cropping system on soil surface GHG fluxes 
The effect of cover crop on GHG fluxes, especially in 2017 is not quite 
conclusive as measurements were not performed during cover crop growth phase during 
which, root respiration, moisture or N dynamics might influence fluxes from soil. So, the 
results reported in this study is attributed to the legacy effect of cover crops and residues 
produced in previous winter in two different rotations. Nevertheless, higher residue on 
soil surface with cover crop than the fallow (no-cover crop) management were observed 
in this study. During summer of 2017, there was a decrease in NH4-N concentration 
under cover crop compared to the fallow plots (Table 5.4) which could be attributed to 
immobilization process because microbes need free N to decompose residues (Gaskin et 
al., 2016). Soil moisture and temperature values were about the same (non-significant) 
between the cover crop and fallow systems for the maize phase in 2017 (Fig. 5.2b, d). So, 
we partly attribute significant within sampling dates difference (Fig. 5.4a) and potential 
trend of greater cumulative CO2 emissions under cover crop as compared to the fallow 
plots (p = 0.106, Table 5.6) to relatively more substrate availability from previous 
accumulated residues that might increase the labile fractions of SOM (data not shown). 
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This has been supported by other cover crop studies (e.g., Negassa et al., 2015; Sanz-
Cobena et al., 2014). Furthermore, our recent study from the same experimental plot 
reported that cover crop significantly increased SOC by 15% as compared to the fallow 
plots (Singh et al., 2020). Numerous studies have confirmed that cover crops build SOC 
content depending upon their biomass production but simultaneously increase soil 
respiration as compared to the no-cover crop plots (Haque et al., 2015; Liebig et al., 
2010). 
Winter rye cover crop was planted in between 2017 and 2018. During spring 2018 
sampling dates, relatively higher CO2 fluxes with cover crop as compared to the fallow 
plots were observed, which could be attributed to added root induced respiration as rye 
was present during those sampling dates (Curtin et al., 2000). Soil respiration could be 
the predominant source of CO2 fluxes within the fallow plots (McGinn and Akinremi, 
2001). Liebig et al. (2010) found that soil CO2 fluxes were more than twice as high in rye 
as compared to the fallow during the spring thaw until the termination of rye phase. In 
general, CO2 emissions were relatively less with cover crops than fallow during 2018 
preceded by winter rye-CC, whereas, these emissions were greater with cover crops than 
fallow during 2017 preceded by blend-CC (Table 5.4 and 5.6). It is because winter rye-
CC produced greater biomass than the blend-CC, which could provide more C to the soil 
via its residue including greater C:N composition and tend to be stabilized in the longer 
duration. So, residues from rye might mineralize slowly and increase C storage in the soil 




In this study, N2O emissions were not significantly different between cover crop 
and fallow management (Table 5.3, 5.4 and 5.6). So, our initial hypothesis that the cover 
crops might reduce N2O emissions by competing with soil microorganisms for available 
N concentration cannot be explained explicitly, because inorganic-N concentration was 
non-comparable between cover cropping systems at most of the sampling stages (Table 
5.3). In this study, we suspect that neither N fertilizer nor interaction of fertilizer with 
treatments influenced N2O emissions because fertilization was achieved almost two 
months earlier before initiation of the gas sampling during maize phase in 2017 (Table 
5.2) and there was no fertilizer application before soybean phase in 2018. Thus, due to 
insufficient supply of mineral N concentrations, cover crop plots did not immobilize 
excess N and thereby no mitigation effects on N2O emissions were observed. Similar to 
our findings, no significant differences in N2O fluxes between cover crop treatments were 
also reported by Mitchell et al. (2013) and Parkin and Venterea (2010).  
Some studies have revealed that ability of methanotrophs for CH4 consumption 
can be negatively affected when there is high NH4
+ concentrations because it has an 
inhibitory effect on the enzyme (i.e. CH4 monooxygenase) responsible for the oxidation 
of CH4 (Le Mer and Roger, 2001; Topp and Pattey, 1997). This mechanism might hold 
true during the fall-2018 (Table 5.4), where cover crops led to relatively more uptake of 
CH4 as compared to the fallow management. Winter rye residues having higher C:N ratio 
require more available N concentration from the soil for residue decomposition process. 
In our case, as no N fertilization was applied during soybean phase, so we expect NH4
+ 
generating compounds in soil solution came from mineralization of previous plant 
materials. In that sense, 4-yr rotation and cover crops produce greater residues and 
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mineralize slowly and thus might release relatively less NH4
+ in soil solution as 
compared to the 2-yr rotation and fallow plots, respectively. Hence, 4-yr rotation acted as 
large sink of CH4 emissions in summer sampling events when compared to 2-yr rotation 
under the cover crop plots (Table 5.5). However, our study does not observe similar 
magnitude of change in soil NH4
+ concentration (Table 5.4), so we consider that our 
single point sampling might not show accurately the dynamics of soil NH4
+. 
Nevertheless, relative more uptake of CH4 under 4-yr rotations and cover crops 
emphasize a good CH4 mitigation strategy but required further assessments in this context 
to confirm our conclusion.  
 
5.5 Conclusions 
This research is critical to identify potential management interventions to reduce 
negative environmental impacts associated with commonly used maize-soybean rotation 
system in the Midwest Corn Belt. Given this context, the present study was conducted in 
South Dakota to evaluate the impacts of two crop rotations [maize-soybean (2-yr) and 
maize-soybean-oat-winter wheat (4-yr)] managed with and without the cover crops under 
no-till management to assess their effects on soil surface available N, microbial 
community structure and GHG emissions in two consecutive growing seasons of maize 
and soybean phases. Data show that total PLFAs and abundance of total bacterial (sum of 
Gm+, Gm– and actinomycetes) were not influenced by crop rotation and cover crops 
treatments for any sampling stage. However, Gm+, actinomycetes and total fungal PLFAs 
were numerically higher under 4-yr rotation and cover crops in 2017 and 2018, 
respectively, for the fall sampling events. Previous left over crop residues were 
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speculated to be higher under 4-yr than the 2-yr rotation especially for the 2017 year 
because plots were followed by small grains (winter wheat) in 4-yr as compared to 
soybean in 2-yr rotation. In 2017, plots under 4-yr rotation had relatively less soil 
temperature than 2-yr rotation, which is reflected in the elevated CO2 emissions in 2-yr 
rotation compared to the 4-yr rotation. However, effect of rotation in 2018 on GHG 
fluxes was dissimilar to what observed in 2017. Regardless of cover cropping system, we 
observed greater GHG fluxes in spring-2018 under 4-yr than the 2-yr rotation, whereas its 
effect was convoluted with cover cropping (i.e. interaction effect) for summer and fall 
sampling stages. While there was no effect of rotation observed under fallow plots, 
however within cover crop plots, 4-yr rotation acted as large sink of CH4 emissions in 
summer sampling events and as more source of respiration during fall sampling events. 
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Table 5. 1. Sequence of maize (C), soybean (S), oat (O), winter wheat (WW) and cover 
crops (CC) [winter rye (wr), and blend (b)] under two annual rotations [maize-soybean 
(2-yr) and maize-soybean-oat-winter wheat (4-yr)]. 
Treatments 2013 2014 2015 2016 2017 2018 
2-yr CC M/wr S M/wr S M/wr S 
2-yr fallow M S C S M S 
4-yr CC M/wr S O WW/b M/wr S 
4-yr fallow M S O WW M S 
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Table 5. 2. Dates of crop management activities performed during the two-year cropping season. 
Crop season Dates (mm-dd-yy) Management practices 
Previous crop: 2016 07-14-16 Harvesting of winter wheat in 4-yr rotation 
 08-20-16 Planting of blend-CC in 4-yr rotation 
 11-05-16 Harvesting of soybeans in 2-yr rotation 
 11-10-16 Frost killing of blend-CC in 4-yr rotation 
   
Maize phase: 2017 05-10-17 Fertilization of 381 kg ha-1 (Urea), 48 kg ha-1  
  (Ammonium sulfate), and 11 kg ha-1 (Elemental S) 
 05-16-17 Planting of maize with 79 000 seeds ha-1 
 06-23-17 Soil sampling (summer) 
 06-29-17 Gas sampling started 
 09-03-17 Soil sampling (fall) 
 10-25-17 Gas sampling ended 
 10-28-17 Harvesting of maize 
 11-08-17 Planting of winter rye in cover crop plots 
 11-09-17 Fertilization of 168 kg ha-1 (11-52-0) and 168 K kg ha-1 
   
Soybean phase:  2018 04-27-18 Gas sampling started 
 05-15-18 Killing of winter rye 
 05-18-18 Planting of soybeans with 346 000 seeds ha-1 
 07-15-18 Soil sampling (summer) 
 09-08-18 Soil sampling (fall) 
 10-01-18 Gas sampling ended 
 10-03-18 Harvesting of soybeans 
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Table 5. 3. Significance of rotation and cover cropping system on soil inorganic nitrogen 
concentration: nitrate and ammonium (NO3-N and NH4-N), and soil surface greenhouse 
gas fluxes (CO2, N2O and CH4) in different sampling periods. 
Sources of variation NO3-N NH4-N CO2 N2O CH4 
 Analysis of variance p > f 
Summer - 2017 (Maize) 
Rotation (R) 0.520 0.712 0.187 0.475 0.469 
Cover cropping (C) 0.698 0.062 0.153 0.698 0.677 
R x C 0.513 0.347 0.185 0.257 0.687 
Fall - 2017 (Maize) 
Rotation (R) 0.302 0.536 0.038 0.417 0.515 
Cover cropping (C) 0.189 0.848 0.344 0.550 0.598 
R x C 0.281 0.415 0.335 0.365 0.877 
Spring - 2018 (Soybean) 
Rotation (R) - - 0.041 0.091 0.317 
Cover cropping (C) - - 0.208 0.997 0.957 
R x C - - 0.860 0.532 0.047 
Summer - 2018 (Soybean) 
Rotation (R) 0.231 0.679 0.477 0.596 0.120 
Cover cropping (C) 0.220 0.982 0.773 0.420 0.213 
R x C 0.531 0.607 0.136 0.687 0.026 
Fall - 2018 (Soybean) 
Rotation (R) 0.134 0.822 0.368 0.221 0.478 
Cover cropping (C) 0.677 0.868 0.059 0.854 0.098 




Table 5. 4. Mean values and standard errors of crop rotations (maize-soybean [2-yr] and maize-soybean-oat-winter wheat [4-yr]), and 
cover cropping management (winter cover crop and fallow) on soil inorganic nitrogen concentration: nitrate and ammonium (NO3-N 
and NH4-N), and soil surface greenhouse gas fluxes (CO2, N2O and CH4) in different sampling periods. 
Treatments NO3-N NH4-N CO2 N2O CH4 
ppm ppm kg CO2 ha−1 d−1 g N2O ha−1 d−1 g CH4 ha−1 d−1 
Summer - 2017 (Maize)     
2-yr 88.7 ± 6.9 14.5 ± 1.5 54.6 ± 2.4 17.5 ± 2.3 2.79 ± 2.26 
4-yr 95.1 ± 4.7 13.5 ± 0.9 48.2 ± 2.4 17.4 ± 1.7 4.41 ± 1.82 
Cover crop 90.1 ± 5.6 12.9 ± 0.8 54.7 ± 2.4 18.5 ± 2.3 4.67 ± 1.98 
Fallow 93.7 ± 6.4 15.1 ± 1.5 48.0 ± 2.3 16.4 ± 1.7 2.58 ± 2.10 
Fall - 2017 (Maize)      
2-yr 49.2 ± 2.2 2.9 ± 0.3 26.0 ± 1.6 16.1 ± 1.4 4.05 ± 2.06 
4-yr 53.8 ± 3.7 2.6 ± 0.4 22.3 ± 1.8 17.9 ± 1.8 6.07 ± 2.09 
Cover crop 48.7 ± 2.1 2.6 ± 0.5 25.3 ± 1.9 16.5 ± 1.7 5.88 ± 2.29 
Fallow 54.2 ± 3.6 2.8 ± 0.3 23.0 ± 1.5 17.5 ± 1.6 4.24 ± 1.84 
Spring - 2018 (Soybean)     
2-yr - - 15.8 ± 1.2 25.9 ± 2.7 3.75 ± 2.23 
4-yr - - 20.0 ± 1.4 36.2 ± 3.4 6.66 ± 2.86 
Cover crop - - 19.3 ± 1.5 30.5 ± 2.8 4.87 ± 2.68 
Fallow - - 16.5 ± 1.2 31.6 ± 3.5 5.53 ± 2.42 
Summer - 2018 (Soybean)     
2-yr 20.9 ± 2.1 18.9 ± 8.0 67.2 ± 3.7 32.1 ± 3.0 3.08 ± 2.05 
4-yr 25.1 ± 2.0 14.8 ± 2.4 63.0 ± 3.5 30.5 ± 2.7 -0.77 ± 2.61 
Cover crop 24.9 ± 1.9 17.0 ± 4.6 64.3 ± 3.6 30.3 ± 2.8 -0.71 ± 2.48 
Fallow 21.1 ± 2.2 16.8 ± 7.1 65.9 ± 3.6 32.3 ± 2.9 3.02 ± 2.20 
Fall - 2018 (Soybean)     
2-yr 67.9 ± 4.0 18.2 ± 2.1 27.2 ± 1.9 45.7 ± 3.7 -10.35 ± 4.71 
4-yr 75.4 ± 2.9 17.5 ± 2.0 28.5 ± 1.9 35.8 ± 4.9 -11.99 ± 4.46 
Cover crop 72.5 ± 5.2 18.1 ± 2.9 25.50 ± 1.6 41.6 ± 4.6 -12.65 ± 4.49 
Fallow 70.8 ± 1.2 17.6 ± 1.6 30.31 ± 2.1 39.9 ± 4.2 -9.62 ± 4.68 
142 
 
Table 5. 5. Mean values and standard errors of rotations (maize-soybean [2-yr] and maize-soybean-oat-winter wheat [4-yr]) and cover 
cropping system on CH4 and CO2 fluxes, and NO3-N concentration during the growing seasons of 2018. Within a column, different 
lowercase letters are significant at p ≤ 0.10. 
Treatments CH4 
g CH4 ha−1 d−1 
CO2 NO3-N 
 kg CO2 ha−1 d−1 ppm 
 Spring  Summer  Fall  Fall  
2-yr Cover crop 0.39 ± 3.11b 4.81 ± 2.89ab 22.1 ± 2.1b 64.5 ± 7.9b 
 2-yr Fallow 7.25 ± 3.10ab 1.35 ± 1.35bc 32.5 ± 3.0a 71.2 ± 2.4ab 
4-yr Cover crop 9.35 ± 4.24a -6.23 ± 3.91c 28.9 ± 2.4ab 80.4 ± 4.8a 




Table 5. 6. Mean values and standard errors of cumulative soil surface GHG emissions 
under two annual rotations (maize-soybean [2-yr] and maize-soybean-oat-winter wheat 
[4-yr], and two cover cropping management (winter cover crop and fallow) during the 
growing seasons of 2017 and 2018 from Beresford, SD. Within a column, different 
lowercase letters are significant at p ≤ 0.10. 
Year Treatments CO2 N2O CH4 
  Mg ha-1 kg ha-1 kg ha-1 
Maize - 2017    
 2-yr 5.00 ± 0.26 1.93 ± 0.12 0.40 ± 0.17 
 4-yr 4.35 ± 0.31 2.11 ± 0.12 0.69 ± 0.10 
 Cover crop 4.95 ± 0.28 2.01 ± 0.12 0.59 ± 0.19 
 Fallow 4.40 ± 0.31 2.04 ± 0.12 0.50 ± 0.09 
  Analysis of variance p > f 
 Rotation (R) 0.251 0.385 0.262 
 Cover crop (C) 0.106 0.865 0.696 
 R x C 0.141 0.491 0.630 
Soybean - 2018 
 2-yr Cover crop 6.70 ± 0.67b 5.07 ± 0.27 0.01 ± 0.51 
    2-yr Fallow 7.94 ± 0.72a 5.17 ± 0.41 0.23 ± 0.35 
 4-yr Cover crop 7.54 ± 0.23ab 5.25 ± 0.47 -0.16 ± 0.44 
    4-yr Fallow 6.67 ± 0.36ab 5.19 ± 0.80 0.69 ± 0.37 
  Analysis of variance p > f 
 Rotation (R) 0.752 0.887 0.761 
 Cover crop (C) 0.526 0.960 0.250 









Total  Bacteria Total Fungi Total Fungi : 
FAME Gm+ Gm– Actinomycetes bacteria Saprophytic Mycorrhizal fungi bacteria 
 Analysis of variance p > f  
Summer - 2017 (Maize)         
Rotation (R) 0.514 0.434 0.889 0.366 0.574 0.745 0.347 0.985 0.686 
Cover cropping (C) 0.559 0.501 0.301 0.556 0.375 0.179 0.718 0.234 0.280 
R x C 0.422 0.485 0.154 0.303 0.273 0.086 0.086 0.071 0.054 
Fall - 2017 (Maize)        
Rotation (R) 0.141 0.106 0.176 0.065 0.125 0.111 0.130 0.098 0.210 
Cover cropping (C) 0.908 0.768 0.767 0.467 0.763 0.668 0.737 0.601 0.523 
R x C 0.970 0.775 0.903 0.946 0.822 0.482 0.586 0.436 0.147 
Summer - 2018 (Soybean)         
Rotation (R) 0.403 0.163 0.661 0.125 0.254 0.840 0.686 0.851 0.395 
Cover cropping (C) 0.996 0.824 0.747 0.514 0.781 0.796 0.873 0.997 0.980 
R x C 0.317 0.770 0. 130 0.599 0.395 0.287 0.723 0.416 0.603 
Fall - 2018 (Soybean)         
Rotation (R) 0.310 0.117 0.382 0.168 0.190 0.481 0.170 0.333 0.729 
Cover cropping (C) 0.333 0.034 0.985 0.088 0.230 0.915 0.713 0.995 0.408 
R x C 0.652 0.329 0.316 0.826 0.893 0.239 0.882 0.316 0.263 
Averaged over the study period        
Rotation (R) 0.012 <0.001 0.057 <0.001 0.001 0.373 0.062 0.153 0.695 
Cover cropping (C) 0.742 0.280 0.630 0.144 0.799 0.534 0.549 0.799 0.712 




Table 5. 8. Main effect of crop rotations (maize-soybean [2-yr] and maize-soybean-oat-winter wheat [4-yr]), and cover cropping 
management (winter cover crop [CC] and fallow) on absolute abundance of microbial lipid groups in different sampling periods. 
Within a column and treatment, different lowercase letters are significant at p ≤ 0.10. 
Treatments Total  Bacteria Total Fungi Total Fungi : 
  FAME Gm+ Gm– Actinomycetes bacteria Saprophytic Mycorrhizal fungi bacteria 
  ng PLFA-C g-1 soil 
Summer - 2017 (Maize)        
2-yr Cover crop 3214  1125  417  329 154  96 b 33.4 b 129  0.09 b 
 2-yr Fallow 3707  1287  642  403 1929 249 a 69.9 ab 319 a 0.16 a 
4-yr Cover crop 3747  1308  562  421 1870 168 ab 81.0 a 249 ab 0.13 ab 
 4-yr Fallow 3666  1305  521  400 1826  145 ab 55.8 ab 201 ab 0.10 b 
Fall – 2017 (Maize)         
2-yr 3355 1089  514  363 b 1602  177 51.3 222 b 0.14 
4-yr 4353 1403  675  512 a 2079  285 76.7 362 a 0.17 
Cover crop 3824 1267  609  458 1876  242 65.8 308  0.16 
Fallow 3884  1225  580  417 1805  220 63.7 276  0.15  
Summer - 2018 (Soybean)         
2-yr 2929  1004  449  340 1453  138 63.4 194 0.13  
4-yr 3357  1277  494  450 1770  130  70.1 183  0.10  
Cover crop 3142  1157  487  413 1644  130 67.1 188  0.11  
Fallow 3144  1123  456  377 1579  139 65.8 188  0.11  
Fall - 2018 (Soybean)         
2-yr 5341  1690  912  486 2603  290 109 399  0.15  
4-yr 6288 2054  1123  587 3176  360 163 522 0.16  
Cover crop 6223 2100 a 1015 594 a 3116  320 141 461  0.14 
Fallow 5406  1643 b 1020  479 b 2663  330 130 460  0.17  
Averaged over the study period       
2-yr 3771  1247  601  389 1848  194 68.6 260  0.14  
4-yr 4426  1510  708  490 2218  233 94.4 323  0.14  
Cover crop 4167  1435  650  460 2085  206 82.9 287  0.13 



















































































































































































































Date (MM-dd-yy)  
Fig. 5. 1. Daily minimum and maximum air temperature (˚C) and precipitation (mm) 




Fig. 5. 2. Soil temperature and volumetric soil water content for 0- to 10- cm depth as influenced by two annual rotations [maize-
soybean (2-yr) and maize-soybean-oat-winter wheat (4-yr)], and two cover cropping management (winter cover crop and fallow) 
during the growing seasons of 2017 and 2018. Vertical small bars (where visible) indicate differences between treatments at P < 0.10, 




Fig. 5. 3. Soil surface greenhouse gas fluxes as influenced by two annual rotations 
[maize-soybean (2-yr) and maize-soybean-oat-winter wheat (4-yr)] during 2017 and 2018 
growing seasons. Vertical small bars (where visible) indicate differences between 




Fig. 5. 4. Soil surface greenhouse gas fluxes as influenced by two-cover cropping 
management (winter cover crop and fallow) during the growing seasons of 2017 and 
2018. Vertical small bars (where visible) indicate differences between treatments at P < 




EVALUATION OF THE DNDC MODEL FOR SIMULATING SOIL 
RESPIRATION AND N2O EMISSIONS FROM CROP ROTATIONS THAT 
INCLUDE WINTER COVER CROPS 
ABSTRACT 
Process-based modelling studies can help to explore conservation practices for mitigating 
soil surface CO2 and N2O fluxes. The objective of this study was to evaluate the ability of 
the DeNitrification-DeComposition (DNDC) model to predict field-measured soil surface 
CO2 and N2O emissions in 2-yr corn (Zea mays L.)–soybean (Glycine max L. [Merr.]) 
and 4-yr corn–soybean–oat (Avena sativa)–winter wheat (Triticum aestivum L.) rotations 
managed with (CC) and without cover crop (NC). Static chamber technique was used to 
weekly monitoring of CO2 and N2O fluxes, and used for model calibration and evaluation 
during the growing season of corn and soybean in 2017 and 2018, respectively. Across all 
cropping treatments, model simulated soil (0–10 cm) temperature (nRMSE = 17–59%, d 
= 0.90–0.99 and NSE = 0.64 0.97) and moisture (nRMSE = 82–154%, d ≥ 0.54 and NSE –
0.28 to 0.29) agreed well with the growing season field measurements. Predicted daily 
soil CO2 fluxes were accurate for corn phase in 2017, where the calculated RMSE ranged 
from 4.79–6.36 kg C ha−1d−1, MBE ranged from -1.93–0.54 kg C ha−1d−1, nRMSE was 
low at 30–46%, d was high at 0.94–0.97, and NSE values ranged 0.78–0.89). The DNDC 
model overestimated the simulated soil respiration (MBE ~ 9.0) compared to the 
measured data in soybean-2018. The statistics showed “poor” agreement between the 
simulated and measured N2O emissions because DNDC model underestimated the fluxes 
during both the crop phases. Nevertheless, DNDCv.CAN offers promising tool for 
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simulating the impacts of diverse crop rotations on soil moisture, temperature and CO2 
dynamics. This study also suggests that nitrogen transformation routines need to be 
further improved to address the variations in N2O emissions. 
 
6.1. Introduction 
Agriculture is responsible for a significant amount of greenhouse gas (GHG) 
emissions that primarily include carbon dioxide (CO2), methane (CH4), and nitrous oxide 
(N2O) (Paustian, 2004). Typically, it is estimated that agricultural activities contribute 
about 9% of total U.S. GHG emissions, where, soil management alone responsible for 
around 74% of total N2O emissions (EPA, 2019). Efflux of CO2 is primarily through 
microbial decay of plant litter, roots, and decomposition of soil organic matter (SOM) 
(heterotrophic respiration, RH), and autotrophic respiration of plant roots (RA) and are 
estimated to be 51 and 40 Pg C yr−1, respectively (Hashimoto et al., 2015; Janzen, 2004). 
Efflux of N2O is generated by the microbial transformation of N in soils and manures 
through nitrification and denitrification processes (Solomon et al., 2007; Zhang and Niu, 
2016).  
In the Midwestern U.S., agricultural activities contribute about 25 to 33% of total 
soil N2O emissions of the entire USA (Li et al., 1996; Mummey et al., 1998). Nitrogen 
(N) inputs to agricultural land in the form of fertilizers, manure, leguminous crops, and 
crop residues contribute about 90% of N2O emissions (Søren et al., 2006). Agricultural 
GHG are complex and heterogeneous (Zhang and Niu, 2016), and are influenced by 
environmental factors (e.g. soil temperature, water content, nutrient availability, pH, 
SOM and soil physical properties) (Chen et al., 2014; Oertel et al., 2016). Nitrogen from 
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mineral fertilizer is the major source of N for the crop growth. However, when available 
N exceeds plant requirements, excess reactive N moves freely into water resources or into 
the atmosphere and negatively impacts the environment. As soil-crop management (e.g. 
land-use, crop species, fertilization, tillage, residue retention, and irrigation) regulate 
these factors (Abalos et al., 2018), it is important to develop diverse management 
strategies that can produce a given environmental effect to ameliorate GHG emissions in 
agricultural systems. Thus, innovative and holistic management practices such as diverse 
rotation and cover crops managed with no-till systems are needed for minimizing the off-
site movement of applied N. These alternative practices help in minimizing N losses from 
agroecosystems, and greatly benefit the environment. Therefore, introducing these 
conservation practices to existing cropping systems is helpful in reducing C and N losses. 
These practices should be included at strategic locations and rotations with 
agroecosystems where they will provide the most ecological value, and subsequently 
reducing N losses.  
Soil C and N dynamics from diverse rotations managed with cover crops are not 
well understood, and process-based models that use field data can be appropriate in 
addressing the complexity of these systems. It is almost impossible to continuously 
monitor GHG fluxes across all possible combinations of conservation practices with 
diverse crop rotations, management practices, soil types and microclimates (e.g., Gryze et 
al., 2010). Therefore, ecosystem models such as DeNitrification and DeComposition 
(DNDC; Li et al., 1996) and Daily Century (DAYCENT; Metherell et al., 1995; Parton et 
al., 1987; Parton et al., 1994) are very helpful in predicting the soil GHG fluxes, and for 
exploring mitigation strategies. These tools work on a daily time step and simulate 
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ecosystem C and nutrient dynamics, and trace gas fluxes under different environmental 
conditions (Del Grosso et al., 2006). These models have been, and are still being, revised 
by prominent researchers for different rotations and adapted to different climate, soils and 
management scenarios applicable to specific regions. Performance of any such model 
depends on whether models were developed for soils and conditions similar to tested 
field sites, and how well these models were calibrated and independently validated for a 
study site (Pete et al., 1997). DeNitrification-DeComposition (DNDC) is a 
biogeochemical model coupled with six sub-models for soil climate, crop growth, 
decomposition, nitrification denitrification and fermentation processes used to predict 
carbon (C) and nitrogen (N) biogeochemistry turnover in both upland and wetland 
agricultural ecosystems (Gilhespy et al., 2014; Pearson and Brown, 2008). Originally, 
DNDC was developed to estimate GHG from U.S. agricultural lands (Li et al., 1992). It is 
now capable of simulating crop growth, soil water, temperature, long-term soil carbon 
dynamics, and nitrate leaching in agricultural soils (Deng et al., 2011; Qiu et al., 2009; 
Zhang and Niu, 2016). 
Agricultural conservation practices (i.e. no-till [NT], crop rotations and cover 
crops [CCs]) have been largely promoted to offset GHG emissions due to their ability to 
sequester C in soils (Follett, 2001; Sainju et al., 2003). Diverse crop rotations with 
different crop species may lead to a greater abundance and diversity of plant litter (Venter 
et al., 2016), which in turn can increase SOM compared to monoculture or simple 
rotations (Gregorich et al., 2001; Maiga et al., 2019; Russell et al., 2005). Similarly, 
biomass produced by cover crops can supply significant amounts of C-rich residues to the 
soil, thus modifying the quantity and quality of SOM (Restovich et al., 2011). In a system 
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where crop rotations with gramineous species such as, rye (Secale cereale L.) are used as 
a winter soil cover after main crop harvest, it can decrease NO3 concentration though 
residual N uptake during early growth stages and immobilize during residue 
decomposition process in the forthcoming crops (Thorup-Kristensen et al., 2003). So, by 
improving nutrient use efficiency through decreasing the soil N concentration, residues 
from increased rotation complexity and CCs can increase SOC and mitigate GHG losses 
(Baggs et al., 2000). Corn-soybean rotation (2-yr) is a common practice in Southeastern 
South Dakota, USA. In our previous studies, diversified crop rotation (corn-soybean-
oats-winter wheat; [4-yr]) increased the amount of SOC (Maiga et al., 2019) and 
improved the soil physical and biological properties from soil compared with 2-yr 
rotation (Alhameid et al., 2019a; Alhameid et al., 2019b). Because of the dependence of 
GHG emissions on these soil properties, which are continuously changing with climatic 
conditions, there is a need for testing and development of predictive model (i.e. DNDC in 
our case) against such comprehensive datasets and report findings regarding which 
processes work and which processes require improvement under our experimental 
condition. Over the last few years, DNDCv.CAN model has been developed in parallel 
with the standard DNDC model to improve simulations in cool weather conditions for 
Canadian agroecosystems (Kröbel et al., 2011; Smith et al., 2013). Recently, 
DNDCv.CAN has been tested by Smith et al. (2019) and Smith et al. (2020) against crop 
growth and soil water dynamics and NO3-N loss to tile drains at Iowa. However, this 
Canadian version of DNDC have never been tested for simulating GHG fluxes from 
states such as South Dakota, with similar over-wintering conditions that occur in Canada 
or Iowa. So, the objective of this study was to evaluate the DNDCv.CAN model’s ability 
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to simulate field-measured daily soil temperature, moisture, soil respiration (i.e., sum of 
RH and RA) and N2O fluxes from 2-yr corn-soybean rotation with fallow (2-yr NC) and 
cover crop (2-yr CC), and a 4-yr corn-soybean-oats-winter wheat rotation with fallow (4-
yr NC) and cover crop (4-yr CC). 
 
6.2. Materials and Methods 
6.2.1. Site and soil characteristics 
A two-year measuring campaign was carried out on a long-term field study 
(initiated in 1991) at the Southeast Research Farm of South Dakota State University (43° 
02’ 58” N, 96° 53’ 30” W) in Clay County, South Dakota, USA. The soil is a fine-silty, 
mixed, superactive, mesic Udic Haplustolls (Soil SurveyStaff, 2014) with a silty clay 
loamy texture (27% clay).  
This site is characterized by a temperate climate with an annual mean temperature 
of approximately 8.3 °C, and precipitation of 650 mm. Rainfall and air temperature 
during the sampling period were monitored with an automatic meteorological station 
located at the experimental field. The average daily precipitation for 2017 and 2018 was 
750 and 900 mm, which was about 15 and 40% higher than the 65-yr average of 650 mm, 
respectively. The average temperature in 2017 was higher by 8%, whereas, in 2018, it 
was lower by 15% compared to the 65-yr average temperature. 
6.2.2. Experimental design, treatments and measurements 
The experimental plots were initially established beginning in 1991, those 
included two crop rotations [corn-soybean (2-yr) and corn-soybean-oats-winter wheat (4-
yr)] managed with no-till system with each crop phase of each rotation present each year. 
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Treatments were replicated four times. Following the main crop harvests in the fall of 
2013, the plot layout was modified into split-plot, with 10m wide by 90m long for winter 
cover cropping treatments (cover crop and fallow). Hence, crop rotation was the main 
plot factor and cover cropping was the sub-plot factor randomly assigned within both the 
rotations. 
Winter rye, and mixture of broadleaf blend [radish (Raphanus sativus L.), 2.35 kg 
ha-1; dwarf essex, 1.46 kg ha-1; turnip (Brassica rapa L.), 0.34 kg ha-1; peas (Pisum 
sativum L.), 4.93 kg ha-1; lentil, 3.59 kg ha-1; oat, 5.38 kg ha-1; cowpea (Vigna 
unguiculata L.), 1.79 kg ha-1; millet, 1.79 kg ha-1; hairy vetch (Vicia villosa Roth.), 2.91 
kg ha-1] were used as CCs in this study. Winter rye was direct seeded between corn and 
soybean immediately after corn harvest in 2-yr and 4-yr rotations and were sprayed out 
ahead of soybean planting. However, broadleaf blend was seeded after winter wheat 
harvest only in the 4-yr rotation before the corn planting. 
Four treatments with CO2 and N2O emission measurements were used including 
2-yr rotation with fallow (2-yr NC) and cover crop (2-yr CC), and a 4-yr rotation with 
fallow (4-yr NC) and cover crop (4-yr CC). The planting, side-dress fertilization and 
harvest dates for corn, soybean, oats, winter wheat and CCs from 2015 to 2018 are 
summarized in Table 6.1. Crop residues from corn, soybeans and CCs were left on the 
soil surface (the whole plant aboveground biomass except the grain biomass), whereas, 
oat and winter wheat straw were baled after their harvest. CO2 and N2O emissions were 
measured 40 times during the growing season (late Apr. to Oct.) over the 2-yr period 
(2017–2018). The measurements were made using vented chamber-based procedure 
described by Parkin and Venterea (2010). The CO2 and N2O flux measurements were 
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conducted at three 20-second interval. Soil water content (volumetric basis) and soil 
temperature at the 0- to 10-cm depth were measured at each gas sampling event using 
HH2 moisture sensor (Delta-T-Devices, Cambridge, England) and a thermometer 
(Acurite Digital Meat Thermometer, 00641W, AcuRite Company, Geneva, WI), 
respectively. 
6.2.3. DNDC model description and calibration 
The DNDC model is a process-based simulation model which has been tested and 
validated extensively for simulating trace gas emissions, crop growth, soil C & N 
dynamics, water and N movement at field or regional scales (Brilli et al., 2017; Ehrhardt 
et al., 2018; Li et al., 2006; Zhang and Niu, 2016). It includes several sub-models for 
predicting crop biomass, soil climate, decomposition, nitrification, denitrification, 
fermentation and ammonia volatilization. All these processes can be calculated on either 
a daily or hourly basis within the model, while DNDC outputs are provided on a daily 
basis (Congreves et al., 2016). 
In our study, a Canadian version of DNDC (DNDCv.CAN) (available at 
https://github.com/BrianBGrant/DNDCv.CAN) was employed in the field-scale mode 
which is recommended for over-winter conditions that occur in South Dakota (Smith et 
al., 2019). The input parameters required by DNDC model in the field-scale mode are 
related to the three primary ecological drivers, including daily weather data, soil 
properties and agricultural management practices. The following field measured data 
were used as an input to calibrate the model: (1) local meteorological data (daily 
maximum and minimum air temperature (°C), precipitation [cm], and solar radiation [MJ 
m−2]); (2) main soil physical and chemical properties in the topsoil (Table 6.2) (e.g. soil 
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texture, pH, SOC, bulk density, water filled pore space at field capacity and wilting point, 
saturated hydraulic conductivity, porosity); and (3) agricultural management information 
(e.g., crop type and rotation, yield, timing and level of fertilization application, planting 
and harvesting dates). Based on the collected input data, input files were created for each 
of the four cropping system. In order to reduce the residual effects of initial conditions 
and previous crop residue, DNDC simulations were conducted consecutively from 2015 
to 2018 and the results were extracted for the study period when the measurements were 
made from 2017 and 2018 for calibration and evaluation. Model predictions include daily 
soil environmental factors (e.g., soil temperature and moisture) and gas fluxes (e.g., CO2 
and N2O). 
In this study, the crop parameters (grain production, biomass fraction and their 
C:N ratios, and thermal degree days for maturity, TDD) were calibrated based on 
measured grain yield and soil respiration. The manual adjustments of the grain 
production were made following sequential model runs to make sure the simulated grain 
yields matched the measured values. It should be noted that grain yield is expressed on an 
equivalent C basis, where 1 kg (corn, soybean, oat or winter wheat) grain contains 0.4 kg 
C following the DNDC model user guide. The grain production for corn and soybean was 
calibrated by adjusting the grain production, while keeping other crop parameters as the 
default values. For corn, the max biomass of grain was set to 4500 kg C ha-1 y-1 and the 
C:N ratios of leaf and root were modified from 75 and 80 to 70 and 70, respectively, to 
increase and improve N uptake and resulting N stress affecting corn yields/biomass 
(Smith et al., 2019). For soybean, in addition to the grain production (max biomass of 
grain = 2550 kg C ha-1 y-1), the TDD (default TDD = 1500, adjusted TDD = 2500) and 
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biomass fraction (i.e., default and adjusted shoot: root ratio = 0.44: 0.21 and 0.30: 0.35, 
respectively) were also adjusted for each rotation systems. The default rye crop in DNDC 
was adjusted to improve the simulation of winter rye biomass relative to the control by 
lowering the TDD from 2000 to 1400, and lowering the optimum temperature for growth 
from 25 to 18 °C. For blend-CC (broadleaf mixture of legumes, millets and Brassicas 
spp.) in this experiment, default parameters of the DNDC were used as it was grown for a 
very short period of time after winter wheat harvest in 2016, prior to corn in 2017 under 
4-yr CC treatment. For oat and winter wheat in 4-yr rotation, default crop parameters 
were used during model spin-up period of 2015-16. It is noteworthy this two-year spin-up 
period has no impact on corn and soybean simulations in 2017 and 2018, respectively. 
Nevertheless, this period was used to stabilize the water and N pools in the models and to 
complete at least one full rotation of treatments.  
6.2.4. Statistical measures for testing model performance 
The following statistical measures were used to evaluate model accuracy in 
predicting crop yields, soil temperature, soil moisture, CO2 and N2O emissions: mean 
bias error (MBE), root mean square error (RMSE), normalized RMSE (nRMSE; %), index 
of agreement (d) and Nash-Sutcliffe modelling efficiency (NSE). The MBE value is the 
difference between the mean of the simulated variable and the measured variable. It can 
be used to evaluate whether the model overestimates (MBE > 0) or underestimates (MBE 
< 0) the measured data. The RMSE measures absolute prediction error in a quadratic 
sense and is therefore more sensitive to outliers. The NSE (−∞ to 1) is a normalized 
measure that determines a relative magnitude of model residuals compared to the 
measured variance (Nash and Sutcliffe, 1970). A value of >0 for NSE (maximum possible 
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value is 1) indicates the model estimates are more accurate than the average of 
observations and a negative NSE indicates poor model performance. However, NSE is 
more sensitive to values that have higher deviation and may in certain instances be close 
to zero or negative even when model results are very close to measurements (but the 
measurements show little deviation), thus it is important to also assess RMSE (Krause et 
al., 2005; Smith et al., 2020). Nevertheless, RMSE equal to 0 and an NSE equal to 1 
indicate a perfect fit. The nRMSE (%) statistic is used to compare simulation performance 
among different state variables with different units. Whereas, the d index provides a 
qualitative assessment of model accuracy. In addition, the relationship between the 
simulated and measured values was also fitted by a simple linear regression (y = bx + a, 
where y and x represent the simulated and measured data, respectively) to evaluate model 
performance; coefficients of determination (R2). Here, the slope of the linear regression 
indicates the extent of a systematic bias. Each deviation statistic addresses only a specific 
aspect of a model’s performance, however using each of the six indexes described above 
would help quantify the overall model performance. 
 
6.3. Results and Discussion 
6.3.1. Crop yield 
DNDCv.CAN performed moderately well in simulating corn and soybean yields 
at our experimental site for growing season of 2017 and 2018, respectively (Table 6.3). 
Across the four treatments, the linear regression between the simulated and measured 
corn and soybean grain yields has R2 values of 0.42 and 0.45, respectively, which were 
not significant at  = 0.05. Our results suggest that treatments such as 2-yr NC, 2-yr CC 
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and 4-yr NC has under-prediction, whereas, 4-yr CC has relatively over-estimation of 
corn yield as compared to the measured data. However, model performance for soybean-
2018 was relatively better than that for corn-2017, where simulated yield under 2-yr 
rotations were though less predicted than the measured yields. The RMSE level for 
soybean (272 kg ha-1) was lower than those in other studies. Recently, Smith et al. (2020) 
used DNDCv.CAN at the north central Iowa experimental site and reported relatively 
higher RMSE for soybean (387 kg ha-1) across 2-yr corn-soybean rotation with and 
without winter rye over the 6-yr study period. 
6.3.2. Soil temperature 
Compared to the 2017 maize phase, both simulated and measured values reflect 
greater soil temperature during 2018 soybean phase. This is understandable as corn can 
provide relatively higher shade intensity as compared to soybean crop during the growing 
season. In DNDC, changes in soil temperature are estimated as a function of the change 
in heat flux from layer to layer divided by the soil volumetric heat capacity (Uzoma et al., 
2015). Overall, the simulated dynamics in soil temperature were in “excellent” agreement 
with the seasonal measurements for each cropping treatment in maize-2017 and soybean-
2018. The calculated RMSE ranged from 0.83–3.66°C, MBE ranged from -2.08–0.30°C, 
nRMSE was low at 17.0–58.9%, d was high at 0.90–0.99, and NSE values ranged 0.64–
0.97 across all the treatments (Table 6.4). In general, model statistics suggests that 
simulations were better during maize phase as compared to the soybean phase for each 
cropping system. During the soybean phase, 4-yr CC though performed “excellent” (NSE 
= 0.97, nRMSE = 17% and d = 0.99), but other cropping treatments were not as “good” fit 
as they were during the corn phase. Our simulation results of topsoil measurements are in 
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agreement with other DNDC modelling studies. Li et al. (2017) reported the statistics 
between the simulated and measured soil temperature for the 2-yr corn-soybean and 3-yr 
corn-soybean-winter wheat rotation were RMSE = 1.71 and 1.76, EF = 0.87 and 0.88 
under corn phase and RMSE = 1.69 and 1.63, EF = 0.87 and 0.89 under soybean phase, 
respectively, in the clay loam textured soil at southwestern Ontario, Canada. In this study, 
the average soil temperature was underestimated by about 9% during soybean phase. This 
under-prediction of simulated soil temperature has also been previously scrutinized by 
other DNDC modelling studies (He et al., 2018; Uzoma et al., 2015).  
6.3.3. Soil moisture 
The discrepancies between simulated and measured soil water dynamics in the 
surface soil layer (0–0.1 m) for each cropping treatment are shown in Table 4. The 
DNDC model underestimated the simulated soil water contents compared to the 
measured data for both years (MBE< 0). During corn-2017, the nRMSE > 100%, NSE < 0 
and d < 0.65 showed “poor” agreement between the simulated and measured soil water 
contents. Similarly, the nRMSE > 100%, NSE < 0 and d < 0.65 reflect “poor” agreement 
for 2-yr and 4-yr rotations under NC plots, but showed “good” agreement under CC plots 
during soybean-2018. The DNDC model showed “poor” or “fair” performances for 
simulating soil water content mainly because it underestimated the simulated values 
during 2017 and 2018, which could be considered as wet years, because our experimental 
plots received about 15 and 40% higher precipitation than the 65-yr average of 650 mm, 
respectively. However, our RMSE can be considered as “satisfactory” as it ranges from 
0.10 to 0.19 during corn year and 0.10 to 0.15 during soybean year. Overall, the DNDC 
model’s performance in simulating top-soil water contents was not as good as soil 
163 
 
temperature, which is consistent with previous reports (e.g. Abdalla et al., 2011; Li et al., 
2017). Li et al. (2017) reported the statistics between the simulated and measured soil 
moisture for the 2-yr corn-soybean and 3-yr corn-soybean-winter wheat rotations were 
RMSE = 0.08-0.11 and NSE ≥ 0. Smith et al. (2008) reported under-prediction of soil 
water content by approximately 17% in corn-soybean-winter wheat rotation with DNDC 
model. It is noteworthy that DNDC employ tipping bucket hydraulic routines, in which 
water in the soil profile is quickly drained to field capacity following rainfall events. 
6.3.4. Soil respiration 
Across 2017 and 2018, the simulated and measured daily soil respiration were 
significantly correlated (R2 = 0.44–0.48, p < 0.001) with slopes ranging from 0.53 to 0.65 
(Fig. 6.1). The DNDC model captured the changing trends in soil respiration very well 
during the corn growing season. The calculated RMSE ranged from 4.79–6.36 kg C 
ha−1d−1, MBE ranged from -1.93–0.54 kg C ha−1d−1, nRMSE was low at 30–46%, d was 
high at 0.94–0.97, and NSE values ranged 0.78–0.89 across all the treatments (Table 6.5). 
However, the DNDC model was not able to capture the temporal trends in soil CO2 
fluxes for soybean phase. Across all cropping treatments, the DNDC model 
overestimated the simulated soil respiration (MBE ~ 9.0) compared to the measured data. 
These calculated deviation statistics are even “poor” for CC plots as compared to the NC 
plots. This suggests that winter rye after corn harvest has not been properly simulated in 
the model which led to greater CO2 fluxes under CC plots than the NC plots. Li et al. 
(2017) suggested that by decreasing the root: shoot ratio could address the overestimation 
in soil CO2 fluxes. Overall, the modelling performance for daily soil respiration in this 
study was comparable with that reported by (Abdalla et al., 2011) who reported that the 
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linear regression between the simulated and measured soil respiration for the arable 
conventional tillage system was acceptable y = 0.52 x + 15 with R2 = 0.60 and NSE = 
0.58.  
6.3.5. N2O emissions 
Across 2017 and 2018, the simulated and measured daily soil N2O emissions were 
significantly correlated (R2 = 0.16–0.35, p < 0.05) with slopes ranging from 1.03 to 1.09 
(Fig. 6.2). Across cover cropping system, the R2 is relatively poor with 4-yr rotation than 
2-yr rotation. It suggests that crop parameters should separately need to be adjusted for 
diverse rotations. In general, MBE has negative values, which reflect that DNDC 
simulated N2O are under-predicted as compared to the measured values. Except 2-yr CC 
during corn phase, all cropping treatments at both crop phases showed negative MBE, 
ranged from as low to -7.36 to -0.33. We consider that soil water content for this site was 
generally under-predicted by DNDC and this could dampen the rate of decomposition 
and thereby release of substrates to enhance denitrification in the summer months (Metay 
et al., 2011). Smith et al. (2008) found that the DNDC model underestimated N2O 
emissions by 10% under corn-soybean-winter wheat rotation on clay loam soil at 
Southern Ontario, Canada. Across all treatments, the values of the d index ranged from 
0.17–0.73 and NSE ≤ 0. So, we consider that there were “poor” agreements between the 
simulated and measured N2O emissions. Simulating N2O emissions were challenging in 
this study because peak emissions events in the measured data were not as high compared 
to the modelled results. Several authors (e.g. Abdalla et al., 2009; Uzoma et al., 2015; 
Wolf et al., 2010) mentioned that peak emission events can account for approximately 
50–90% of the yearly emissions and thus, focus should be placed on accurately 
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simulating peak emissions. Our results though have similar magnitude, but high 
variability in data offset the predictions (Smith et al., 2008).  
 
6.4. Conclusions 
In this study, the DNDC model (DNDC v.CAN) was used to simulate crop yields, 
soil temperature, moisture, CO2 and N2O emissions for a 2-yr corn-soybean and 4-yr 
corn-soybean-oat-winter wheat rotation with and without CC under no tillage practices at 
Beresford, South Dakota, USA. The DNDC model was able to simulate soil (0–10 cm) 
temperatures (MBE = -2.08–0.30 °C, RMSE = 0.83–3.66 °C, nRMSE = 17–59%, d ≥ 0.90 
and NSE ≥ 0.64) better than soil water contents (MBE = –0.16 to 0.02, RMSE = 0.10–
0.19, nRMSE = 82–154%, d ≥ 0.54 and NSE –0.28 to 0.29) across all cropping systems. 
The DNDC model’s performance in simulating daily soil CO2 fluxes for corn phase 
(across all treatments) (MBE = -1.93–0.54 kg C ha−1d−1, RMSE = 4.79–6.36 kg C ha−1d−1, 
nRMSE = 30–46%, d ≥ 0.94 and NSE ≥ 0.78 was “excellent”. However, the DNDC 
model overestimated the simulated soil respiration (MBE ~ 9.0) compared to the 
measured data during the soybean phase. The statistics showed “poor” agreement 
between the simulated and measured N2O emissions because DNDC model 
underestimated the fluxes during both crop phases. We consider that it is possible to 
further improve N2O emission estimates by first improving the soil water content during 
the soybean phase and adjusting crop parameters such as C:N ratio of roots and shoot and 
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Table 6. 1. Dates of crop management activities performed during the growing season at the study site from 2015 through 2018. 
Treatment Year Crop year Planting date Fertilization date Harvesting date 
2-yr NC 2015  Corn 05/15 03/24 and 04/17 10/22 
 2016 Soybean 06/08 04/14 11/05 
 2017  Corn 05/16 05/10 and 11/09 10/28 
 2018 Soybean 05/18 - 10/03 
2-yr CC 2015  Corn 05/15 03/24 and 04/17 10/22 
 2015-16 Winter rye 10/30/15 - 05/25/16 
 2016 Soybean 06/08 04/14 11/05 
 2017  Corn 05/16 05/10 and 11/09 10/28 
 2017-18 Winter rye 11/08/17 - 05/15/18 
 2018 Soybean 05/18 - 10/03 
4-yr NC 2015 Oats 03/23 03/20 and 03/24 08/01 
 2015-16 Winter wheat 09/17/15 04/14/16 07/14/16 
 2017  Corn 05/16 05/10 and 11/09 10/28 
 2018 Soybean 05/18 - 10/03 
4-yr CC 2015 Oats 03/23 03/20 and 03/24 08/01 
 2015-16 Winter wheat 09/17/15 04/14/16 07/14/16 
 2016 Blend-CC 08/20 - 11/10 
 2017  Corn 05/16 05/10 and 11/09 10/28 
 2017-18 Winter rye 11/08/17 - 05/15/18 




Table 6. 2. DNDC soil parameters setup for corn-soybean with fallow (2-yr NC), corn-soybean with cover crop (2-yr CC), corn-
soybean-oat-winter wheat with fallow (4-yr NC), and corn-soybean-oat-winter wheat with cover crop (4-yr CC) cropping systems. 
Soil parameters 2-yr NC 2-yr CC 4-yr NC 4-yr CC 
Soil texture  silty clay loam silty clay loam silty clay loam silty clay loam 
Clay content (%)  27 27 27 27 
Soil pH  6.07 6.61 6.56 6.48 
Soil bulk density (g cm-3) 1.38 1.33 1.33 1.22 
Field capacity  0.47 0.48 0.48 0.53 
Porosity  0.44 0.49 0.48 0.53 
Wilting point  0.26 0.26 0.26 0.26 
Initial SOC content (kg C kg-1) 0.03 0.03 0.03 0.04 




Table 6. 3. Observed and simulated corn and soybean yields (kg ha-1) across corn-
soybean with fallow (2-yr NC), corn-soybean with cover crop (2-yr CC), corn-soybean-
oat-winter wheat with fallow (4-yr NC), and corn-soybean-oat-winter wheat with cover 
crop (4-yr CC) cropping systems. 
 Measured Simulated R2 d RMSE NSE 
Corn 2017       
2-yr NC 9835 ± 499 8406 0.42 0.16 1475 -4.63 
2-yr CC 9683 ± 304 9035     
4-yr NC 10971 ± 330 8597     
4-yr CC 9304 ± 51 10081     
Soybean 2018      
2-yr NC 4239 ± 929 3769 0.45 0.36 272 -1.07 
2-yr CC 4093 ± 548 3837     
4-yr NC 3869 ± 521 3926     




Table 6. 4. Statistical evaluations of simulated daily soil temperature (℃) and moisture (water-filled porosity) in the 0–10 cm depth 
compared with measured values under corn-soybean with fallow (2-yr NC), corn-soybean with cover crop (2-yr CC), corn-soybean-
oat-winter wheat with fallow (4-yr NC), and corn-soybean-oat-winter wheat with cover crop (4-yr CC) systems. 
Treatment Crop phase Measured Simulated MBE RMSE nRMSE d NSE 
Soil temperature  
2-yr NC Corn 20.0 19.1 -0.91 1.38 26.1 0.98 0.93 
 Soybean 21.9 19.9 -1.93 3.61 58.8 0.90 0.64 
2-yr CC Corn 20.0 19.1 -0.95 1.41 25.8 0.98 0.93 
 Soybean 21.8 19.9 -2.08 3.66 58.9 0.90 0.64 
4-yr NC Corn  20.0 19.1 0.26 0.84 17.2 0.99 0.97 
 Soybean 21.8 19.9 -1.74 3.57 53.4 0.91 0.70 
4-yr CC Corn  20.0 19.1 0.30 0.83 17.0 0.99 0.97 
 Soybean 21.8 19.9 -1.48 3.22 17.0 0.99 0.97 
Soil moisture  
2-yr NC Corn  0.44 0.37 -0.08 0.11 109.7 0.64 -0.28 
 Soybean 0.46 0.39 -0.08 0.13 91.8 0.66 0.12 
2-yr CC Corn  0.44 0.37 -0.07 0.11 107.4 0.63 -0.23 
 Soybean 0.46 0.39 -0.09 0.15 101.8 0.63 -0.08 
4-yr NC Corn  0.44 0.37 -0.16 0.19 153.2 0.54 -1.50 
 Soybean 0.46 0.39 -0.08 0.15 102.3 0.55 -0.09 
4-yr CC Corn  0.44 0.37 0.01 0.10 103.8 0.63 -0.15 




Table 6. 5. Statistical evaluations of simulated daily soil CO2 and soil N2O emissions compared with measured values under corn-
soybean with fallow (2-yr NC), corn-soybean with cover crop (2-yr CC), corn-soybean-oat-winter wheat with fallow (4-yr NC), and 
corn-soybean-oat-winter wheat with cover crop (4-yr CC) cropping systems. 
Treatment Crop phase Measured Simulated MBE RMSE nRMSE d NSE 
Daily soil respiration CO2 emissions (kg C ha−1d−1)  
2-yr NC Corn 15.7 14.7 -1.00 4.79 37.5 0.96 0.85 
 Soybean 13.4 20.5 7.06 10.98 111.6 0.63 -0.30 
2-yr CC Corn 15.7 14.7 0.54 4.92 31.7 0.97 0.89 
 Soybean 13.4 20.5 11.2 13.74 163.8 0.52 -1.80 
4-yr NC Corn 15.7 14.7 -0.69 5.74 45.9 0.94 0.78 
 Soybean 13.4 20.5 7.99 10.77 139.4 0.60 -1.03 
4-yr CC Corn 15.7 14.7 -1.93 6.36 34.6 0.96 0.87 
 Soybean 13.4 20.5 10.39 13.35 152.1 0.55 -1.41 
Daily soil N2O emissions (g N ha−1d−1)  
2-yr NC Corn 10.6 10.2 -0.42 15.44 300.4 0.39 -8.62 
 Soybean 20.9 13.5 -7.36 23.69 201.1 0.59 -3.22 
2-yr CC Corn 10.6 10.2 0.44 16.22 190.6 0.35 -2.88 
 Soybean 20.9 13.5 -5.53 20.45 136.8 0.73 -0.95 
4-yr NC Corn 10.6 14.7 -0.63 15.51 300.1 0.17 -8.61 
 Soybean 20.9 20.5 -6.06 22.37 221.5 0.59 -4.12 
4-yr CC Corn 10.6 10.2 -0.33 16.60 231.4 0.20 -4.71 






Fig. 6. 1. Comparison between the DNDC model simulated sum of soil heterotrophic and 
root autotrophic respiration (RS) and field measured soil CO2 flux for corn-soybean with 
fallow (A), corn-soybean with cover crop (B), corn-soybean-oat-winter wheat with fallow 
(C), and corn-soybean-oat-winter wheat with cover crop (D) systems. The linear 






Fig. 6. 2. Comparison between the DNDC model simulated and field measured daily 
fluxes N2O under corn-soybean with fallow (A), corn-soybean with cover crop (B), corn-
soybean-oat-winter wheat with fallow (C), and corn-soybean-oat-winter wheat with cover 
crop (D) systems. The linear regression and R2 with asterisk indicates significant 




ECONOMICS OF CROPPING SYSTEMS FEATURING DIFFERENT 
ROTATIONS, TILLAGE AND COVER CROPS 
ABSTRACT 
Diversified cropping systems integrated with winter cover crops and no-till (NT) 
management can provide substantial soil conservation benefits in the Midwest Corn Belt 
of the United States, but there is uncertainty on how these practices affect producer 
profits. This study compared crop yield and economic performance from cropping 
systems that featured three crop rotations [corn (Zea mays L.)-soybean (Glycine max L. 
Merr.) (2-yr), corn-soybean-oat (Avena sativa L.) (3-yr), and corn-soybean-oat-winter 
wheat (Triticum aestivum L.) (4-yr)]; two tillage systems [no-till (NT) and conventional-
till (CT)]; and two cover cropping managements [cover crop (CC) and no-cover crop 
(NC)]. Tillage and rotation treatments were established in 1991, whereas, cover cropping 
were introduced in 2013, so data from 2014 through 2018 was used for the yield and 
economic comparisons. Data suggests that NT system though reduce the corn yield but 
increased the soybean yield under 2-yr rotation as compared to the CT system. Hence, 
both tillage systems were economically equivalent, whereby NT system improved 
benefit-cost ratio (BCR) as compared to the CT system. In our study, while CC in its 
short-term did not contribute to economic benefit, our results indicated that incorporating 
CC in conventional rotation system under NT treatment could provide an economically 
superior option to diversify the system. Increased length of crop rotations (3- and 4-yr) 
increased the corn and soybean yields as compared to the 2-yr rotation. In the context of 
overall profitability, however, the diversified cropping system in this study lagged the 
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traditional corn-soybean system which could be attributed to the relatively lower profits 
of small grains. Therefore, it is important to identify other profitable crops to diversity the 
corn-soybean rotations that are beneficial for soils and the environment. 
 




Sustainable crop production calls for effective conservation practices that protect 
environment quality and maintain economic returns to the farmers (Philip Robertson et 
al., 2014; Tanaka et al., 2007). Diversified crop rotation, cover crops (CC), and no-till 
(NT) have been identified as promising conservation practices to safeguard soil, water 
and air resources (Drury et al., 1999). Studies demonstrate that these practices can 
mitigate erosion (Delgado and Gantzer, 2015), improve soil health through increased 
organic matter (Maiga et al., 2019), maintain nutrients in the soil (Karlen et al., 2013), 
and reduce the amount of pollution entering water bodies (Blanco and Lal, 2010) as well 
as in the atmosphere (Wegner et al., 2018).  
For a crop management practice to be sustainable, it must also be profitable. Crop 
yield is one factor that contributes to profitability of any management alternative. Despite 
soil health benefits from conservation practices, there has been considerable research 
showing inconsistent findings on crop productivity under different soils and 
environmental conditions. For example, Hairston et al. (1984) reported that soybean 
(Glycine max L. Merr.) yield decreased under NT as compared with fall-chisel plowing 
system under silty clay soils. Others also noted decline or no influence on individual crop 
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yield followed by NT as compared with tilled systems (Daigh et al., 2018; Dick et al., 
1986; Hammel, 1995; Pittelkow et al., 2015). In contrast, individual crop yield under NT 
system could increase when crops are planted in rotations (Katsvairo and Cox, 2000; 
Wilhelm and Wortmann, 2004). Anderson (2016) reported that by increasing cropping 
intensity two-fold, the corn (Zea mays L.) yield under NT increased by 116% compared 
with the conventional tillage (CT) system in central South Dakota. Long-term studies 
further employed that crop yields could increase (Heck et al., 2013; Smith et al., 2008), 
remain unchanged (Delate and Cambardella, 2004; Smith and Gross, 2006) or decrease 
(Porter et al., 2003) due to complexity of crop rotation. The inconsistent response of crop 
yields to management factors such as tillage and rotation is understandable because 
individual crops interact differently with soil types, crop management practices 
(Krupinsky et al., 2006) and fluctuating weather conditions (Gaudin et al., 2015). 
Therefore, to develop efficient and profitable agroecosystems, there is a need to 
understand the interaction between location specific management practices with certain 
crop rotations and tillage combinations (Anderson, 2005; Sakurai et al., 2011). 
The length and complexity of cropping systems have decreased in the Midwest 
Corn Belt of the United States. A possible reason for low crop biodiversity is probably 
due to the higher associated net returns with the corn-soybean rotation as compared to the 
other rotations (Meyer-Aurich et al., 2006). Inclusion of small grain [e.g. wheat (Triticum 
aestivum L.), barley (Hordeum vulgare L.), and oat (Avena sativa L.)] and use of winter 
cover crops (CC) have been proposed as management alternatives to diversify cropping 
systems in the region (Gaudin et al., 2013). In general, there is a short-planting duration 
available (fall through spring) after summer conventional rotations (corn and soybean) to 
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insert these alternatives and can be influenced by water-stress conditions. However, in 
recent years, it becomes feasible to plant frost seeded extra crops such as rye (Secale 
cereale L.), during the winter-fallow period because of water conservation benefits 
associated with wide adoption of NT system in the Midwest region (Fowler, 2012). These 
alternatives have the potential for improving individual crop yield (Götze et al., 2017) 
and enhancing cash crop (corn and soybean) productivity when rotated under a NT 
system (Kabir and Koide, 2002). 
Concerns about economic feasibility appear to be a dominant factor that deters 
adoption of conservation cropping systems (Dunn et al., 2016). Various studies suggested 
that long-term use of conservation practices (e.g.  NT, CC and diversified crop rotations) 
could reduce production risk and increase profitability (Karlen et al., 2013; Mbuthia et 
al., 2015; Soule et al., 2000). However, producers often focus on short-term profitability 
and net return for the whole system when selecting cropping systems (Meyer-Aurich et 
al., 2006). Therefore, it is of great importance to compare the economic and agronomic 
performances of cropping systems that include different combinations of tillage, crop 
rotation and CC in regards to the full length of management factors and not just 
individual components in isolation of the others (Al-Kaisi et al., 2015; Stanger et al., 
2008b). 
Limited published information is available on crop yields and economic returns of 
cropping systems on silty clay loam soil of the South Dakota. The main objective of this 
study was to compare the economic performances of 12 cropping systems that featured 
three crop rotations [corn-soybean (2-yr), corn-soybean-oat (3-yr), and corn-soybean-oat-
winter wheat (4-yr)], two tillage systems (NT vs CT) and two cover type managements 
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[CC vs no-cover crop, (NC)]. This study would be helpful to farmers to identify the most 
profitable cropping systems based on market prices of the recent years. 
 
7.2. Materials and Methods 
7.2.1. Experiment Description 
The experiment was conducted at the South Dakota State University Southeast 
Research Farm near Beresford, SD (43° 02’ 58” N, 96° 53’ 30” W) from 2014 through 
2018 on Egan silty clay loam (fine-silty, mixed, superactive, mesic Udic Haplustolls) 
soil. The region has a humid continental climate with the 66-yr (1962-2018) average 
annual precipitation of approximately 650 mm and the average maximum and minimum 
temperature of 14.69°C and 1.84°C respectively. Experimental design was a randomized 
complete block design in a split-split plot treatment arrangement with four replications.  
Rotations, tillage and cover cropping were, respectively, assigned as main-plot, 
sub-plot and sub-sub-plot factors. The final plot size of sub-sub plot was 90m long by 
10m wide. The three crop rotations [corn-soybean (2-yr), corn-soybean-oat (3-yr), and 
corn-soybean-oat-winter wheat (4-yr)] and two tillage systems [no-till (NT) and 
conventional-till (CT)] at the site were initially established in 1991, and cover cropping 
[cover crop (CC) and no-cover crop, (NC)] was initiated following the main crops harvest 
in the fall of 2013. To eliminate year bias, all phases of each rotation were included with 
a total of eighteen crops (six corn and soybean phases of each rotation, four oat phases, 
and two winter wheat phases) planted annually. In our study, winter rye, and mixture of 
broadleaf blend [radish (Raphanus sativus L.), 2.35 kg ha-1; dwarf essex, 1.46 kg ha-1; 
turnip (Brassica rapa L.), 0.34 kg ha-1; peas (Pisum sativum L.), 4.93 kg ha-1; lentil, 3.59 
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kg ha-1; oat, 5.38 kg ha-1; cowpea (Vigna unguiculata L.), 1.79 kg ha-1; millet, 1.79 kg ha-
1; hairy vetch (Vicia villosa Roth.), 2.91 kg ha-1] were used as two CC in this study. 
Winter rye was direct seeded between corn and soybean immediately after corn harvest in 
all rotations and were sprayed out ahead of soybean planting. Broadleaf blend was seeded 
after oat and winter wheat harvest in the 3- and 4-yr rotation, respectively before the corn 
planting. The plots for 3- and 4-yr rotations have not been consistent among crops since 
their establishment in 1991. The 3-yr rotation was initially started with corn-soybean-
spring wheat until 2005, and then field pea was substituted for spring wheat and the 
rotation pattern became corn-field pea-soybean for 2006-2010 period. Similarly, the 4-yr 
rotation initially included corn-soybean-spring wheat-alfalfa until 2005, and then 
transitioned to corn-field pea-winter wheat-soybean sequence for 2006-2010 growing 
period. From 2011 onwards, the cropping sequences for both 3-yr and 4-yr rotations 
remain unchanged. An overview of the cropping sequence for different rotations with and 
without CC for this study period (2014-2018) is given in Table 7.1. 
Tillage regimes did not differ among rotation systems. The NT plots had not been 
tilled since the trial began in 1991. The CT plots consisted of a combination of fall chisel 
plowing following the harvest of corn and small grain stubble, and spring field cultivation 
to a depth of 15 to 20 cm as a seedbed preparation for planting crops. The fall chisel 
plowing was skipped before winter wheat establishment in the 4-yr rotation under CT 
system. During wet conditions in the fall, the chisel plowing of corn stubble was 
prevented, and the CT plots were disked in the spring and then field cultivated before 
planting of crop.  
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The field operations used in the study are typical for eastern South Dakota, with 
slight deviation from year to year due to variable conditions in soil moisture, weed 
pressure, and weather. Fertilizers and herbicides for all available plots were applied at 
conventional rates to ensure that crop productivity was not adversely affected by soil 
fertility and weed competition, respectively. No adjustment in fertilizer rates were made 
in accordance to crop rotation and cover crops N credits during the management of 
various crops. Oats and winter wheat straw were baled and removed after grain harvest. 
Cover crops in the form of winter rye and blend were not harvested for forage. Field 
records kept for each treatment included the dates on which each field operation 
performed, the quantity of operating inputs applied and crop yields. An overview of the 
inputs used for different crops during the 2014 to 2018 growing period is presented in 
Table 7.2. 
7.2.2. Economic Methodology 
Although the study commenced in 1991, the CC was not in place until 2013, so 
the economic analysis was conducted between 2014 and 2018. Costs of production, gross 
revenues, net returns, and benefit-cost ratios (BCRs) of different management alternatives 
(tillage x rotation x cover cropping) were calculated and compared to identify the 
strengths and weakness of different cropping systems.  
For all specified management alternatives, the annual budgets were assembled 
based on primary field data and secondary price data over the 5-yr study period. Primary 
field data collected annually at the research site included timing and number of field 
operations performed, quantity of material inputs like seeds, fertilizer, pesticides, and 
also the replicated-level of crop yield. Secondary data, including output prices, input 
184 
 
prices, and custom rates for specified field operations, were collected to estimate specific 
management costs and returns. Average annual market year prices (2014-2018) received 
for South Dakota, as listed in Table S7.1, were used for crop prices (USDA-NASS, 
2018). Costs for seed, fertilizer and crop insurance were determined by multiplying the 
variable inputs within each production system for each plot in each year by the annual 
input prices obtained from local agribusinesses (Table S7.2). Machinery costs for cultural 
practices such as planting, fertilizer and herbicide application, harvesting, drying and 
hauling were determined using 5-yr average custom rates for North Dakota (Haugen, 
2016) (Table S7.3). Gross revenues were computed based on average plot yields under 
different practices and annual commodity prices received. Net returns were calculated as 
the difference between gross returns and production costs. To simplify the analysis, no 
charges for management, land or overhead costs were included in the calculations as 
these costs are similar across different treatments and therefore have little effect on the 
outcome of the analysis.  
7.2.3. Statistical Analysis 
Crop yield, as well as cost, BCRs, gross revenues and associated net return were 
analyzed  based on randomized complete block split-split plot design with repeated 
measures across time and block using the GLIMMIX procedure of SAS statistical 
software version 9.3 (Institute, 2011). Pairwise comparisons for each variable were 
performed by first averaging inputs and outputs by plot for each of the 12 management 
practice combinations before conducting analysis of variance (ANOVA). Average 
separation among treatment means and interactions were obtained by using LSMEANS 
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procedure in the SAS. In all statistical calculations, an effect was considered to be 
significant if P< 0.05. 
7.3. Results and Discussion 
7.3.1. Crop Yield  
In general, soils and weather conditions during the period of the experiment were 
good for crop growth. The growing season precipitation (Apr. to Sept.) at the site for 
2014, 2015, 2016, 2017 and 2018 was about 25, 31, 24, 20, and 44% greater than the 
long-term 66-yr (1962-2018) normal of 488 mm, respectively (Table 7.3). Annual crop 
yields for the four cash crops, measured as average yield values across different 
treatments, were displayed in Table 3. Despite more than normal precipitation levels 
during the study period, considerable yield variability (evaluated by calculating the 
coefficient of variation, CV) was observed for all four crops. The relative range of yields 
observed over the 5-yr period was most dramatic for winter wheat; whose highest annual 
mean yields (2016 and 2017) were more than twice its lowest mean yield in 2014. 
Average across the study periods, the CV values for corn, soybean, oats, and winter 
wheat were 14, 13, 27, and 28%, respectively.  
In this study, cropping system diversification was achieved through small grains 
(oat and winter wheat) and CC. Over the study period, diversified crop rotations (3- and 
4-yr) enhanced yields of corn and soybean (Table 7.4), which is in agreement with other 
studies (e.g., Davis et al., 2012; Liebman et al., 2008). Corn yield, on an average, was 6 
and 4% greater in the 4-yr than in the 2-yr and 3-yr rotations, respectively (Table 4, P= 
0.001), whereas, there was no difference between the 2-yr and 3-yr rotations. Soybean 
yield during the study period tended to be on average 4% greater in the 4-yr than in the 2-
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yr rotation (4.02 vs 3.86 Mg ha-1), however, the effect was not statistically different 
(Table 4, P= 0.054). Despite productivity gains associated with corn and soybean yields, 
oat yields did not differ between the 3- and 4-yr rotations (4.11 vs 3.98 Mg ha-1, P= 
0.122), which is in agreement with other literature findings  (Liebman et al., 2008; 
Stanger et al., 2008a).  
Small grains are widely promoted in the Midwest regions as rotational crops 
because they also give an opportunity to plant CC after their harvest in late July and early 
August. Generally, multispecies CC mixtures are recommended because they provide 
various ecosystem services that include erosion control, weed suppression, N retention 
and SOM accumulation (Finney et al., 2017; Hunter et al., 2019). In this study, we 
included cool-season legumes, brassica, and millets under the blend-CC mixture in the 3- 
and 4-yr rotations for dual provisioning of N retention and N supplies to subsequent crop 
in addition to soil water conservation benefits from their surface mulch. Our data 
suggests that corn yield following blend-CC was reduced by 3% in the CC than in the NC 
plots (11.38 vs 11.67 Mg ha-1, P= 0.048) over the study period. However, when data was 
analyzed separately for each year, we observed that effect of cover cropping was only 
statistically different for 2017 (P<0.001). This may be partially attributed to the fact that 
drainage tiles were installed in the study plots during the spring of 2017, and hence 
management practices suffered considerably during this year. Nevertheless, in other 
years, a slight decrease in corn yield can be attributed to blend-CC establishment issues 
such as weed pressure after small grains (Lee and McCann, 2019), residual herbicide 
effects (Cornelius and Bradley, 2017), and in part due to poor synchronization of cover 
crop N mineralization and corn N need and uptake (Sullivan et al., 1991; Wagger, 1989). 
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We further diversified crop rotations by planting winter rye-CC on corn stalks and then 
evaluated its influence on soybean yields. Averaged across all rotations, soybean yield 
followed by winter rye-CC was not significantly different from that in the NC plots. This 
is consistent with other Midwestern studies that reported no reduction in soybean yield 
when rye-CC was managed properly with herbicides for weed control as reported by 
Bauer (1991) and De Bruin et al. (2005).  
Our previous studies have observed improvement in soil physical (Alhameid et 
al., 2020), biological (Alhameid et al., 2019) and chemical properties (Alhameid et al., 
2017) with diverse rotations and NT system from the same experimental plots. Therefore, 
the true yield potential under cover cropping management may be hidden or influenced 
by resilience of long-term rotational and tillage system. We anticipate that NC plots 
might had steady-state conditions and reflect true characteristics of fallows, but CC plots 
reflect transitional phase from conventional fallow to cover cropped systems. This 
alteration in management might influence internal biogeochemical processes under CC 
soils. Tonitto et al. (2006) also emphasized that different temporal scales in the 
experiment may influence yield under the cover cropping system. It is assumed that as 
the number of CC years increase, soil quality can improve over time and thereby 
increments in corn and soybean yields can be expected (CTIC and SARE, 2013).  
Averaged across rotation and cover cropping management, tillage system affected 
corn yields (11.81 vs 11.23 Mg ha-1, P< 0.001), whereas, its effect was not significant for 
small grain yields (Table 7.4). In addition, tillage by rotation interaction was observed for 
soybean yield (P=0.003), as NT had 9% greater yield than the CT system only under 2-yr 
rotation. We attribute the observed decline of corn yields under NT system to prevalent 
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wetter soil conditions during the spring or early summer in heavy-textured soils of 
southeastern South Dakota. The amount of residue retention under NT on the soil surface 
was greater than that under CT system. This can lead to interference in seed germination, 
delayed plant emergence and development due to less light interception with 
corresponded higher cold soil temperature coupled with wet conditions (Hatfield, 2014; 
Sindelar et al., 2013). Therefore, the reduced plant response at early crop growth stages 
may result in lower biomass production and thereby relatively less grain yield under the 
NT system. The corn yield reduction values under NT was also documented in similar 
environments in Iowa by Al-Kaisi et al. (2015) and in Minnesota by Vetsch et al. (2007), 
whereas, increment in soybean yield with NT than the CT when rotated with corn is in 
agreement with Pedersen and Lauer (2003) in Wisconsin soils. Unlike corn, soybean is 
not a N responsive crop. So, there could be an argument that N fertilized during planting 
of NT-corn might tie up in previous crop residues that may affect corn performance 
whereby, this effect might not apply to the NT-soybean because of self-fertilization by 
their nodules. Hence, our study support the findings of Wade et al. (2015) that choice of 
tillage depends on crop in practice, where NT system is more advantageous for soybeans 
than corn.  
Furthermore, winter wheat yield during the study period, on an average, was 8% 
greater under CT than the NT system (4.43 vs 4.09 Mg ha-1), however, the effect was not 
statistically different (P= 0.076). In our study, after oat harvest in the 4-yr rotation, winter 
wheat plots in CT system did not receive the tillage operation before planting. However, 
tillage operations that occurred in the corn, soybean, and oat phases of the rotation might 
have contributed to the difference in winter wheat yield between CT and NT system. 
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Other studies have concluded that tillage ameliorates any root-disease pressure that may 
exist under the continuous NT system and thus, winter wheat yield could suffer from the 
NT management as compared with the CT management (Ellis et al., 1979; Hammel, 
1995). Overall, our results showed agreement with DeFelice et al. (2006) findings where 
they concluded that NT tends to generate higher yield in regions with high temperature 
and/or unfavorable rainfall, but lower yields in Northern United States and areas where 
soils are poorly drained.  
7.3.2. Overall Production Costs 
Production costs varied among the various crops with the highest total cost 
associated with corn, followed by soybean (Table 7.5). Small grains had the lowest 
production costs, which were about half or less than half of the costs associated with corn 
production. Therefore, averaged across different rotations, total costs were significantly 
greater for the 2-yr systems than for the 3- and 4-yr systems, which could be attributed to 
relatively higher seed costs, and more fertilizer and pesticides input utilized for corn and 
soybeans than for the small grains (Table 7.6). Stanger et al. (2008a) reported similar 
findings with corn having the highest costs. In addition, the total production costs in each 
no-till system was about $40 ha-1 lower than the tillage system due to the saved costs 
from fall chisel ploughing and spring field cultivation (Table 7.6).  
Cover cropping increased the production costs because of the additional expenses 
in CC establishment (Table 7.6). The additional expenses related to CC establishment 
were consisted of the cost for seed, planting and termination. It should be noted that costs 
incurred for CC establishment were different in different rotations because CC was 
planted once in 2-yr, and two times in 4-yr rotation, as illustrated in Table 7.1. The 
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broadleaf blend (only in 3- and 4-yr rotations) had higher seed costs due to their 
biological traits, however, establishment costs for winter rye (after corn harvest in every 
rotation) was greater because of higher herbicides applied to terminate CC and control 
weed for soybean crop (Table 7.5). On average, establishment cost for CC was similar 
under the 2- and 4-yr rotation (~ $97 ha-1), which was about ~$29 ha-1 less than 3-yr 
rotation (Table 7.6). The cost incurred for 3-yr rotation was greater due to the increased 
frequency of CC, as CC was planted once in 2-yr rotation cycle but twice in 3- and 4-yr 
rotation cycles.  
7.3.3. Management Effects on Net Returns 
As no interaction was found between experimental factors (rotation, tillage and 
cover cropping) (P > 0.05) for overall gross revenue, BCRs and net return, therefore, 
pairwise comparison between management factors were conducted. As demonstrated in 
Table 6, the 2-yr rotation resulted in higher total gross revenue and net returns as 
compared to those with 3- and 4-yr rotations. This is mainly due to the lower gross 
revenue of small grains contained in the 3- and 4-year rotations, where oat and winter 
wheat only produced about 45-50% of the gross revenue generated by corn and soybeans. 
Our results are in agreement with other Midwest US Corn Belt studies (Chase et al., 
2016; Nafziger, 2009), those who demonstrated that the profitability from small grains 
themselves is likely lower than for corn or soybeans. Others have related lower profits to 
production challenges to small grain yield and market options (Larsen, 2015; Weisberger, 
2017). Nevertheless, diversity created with small grains in 3- and 4-yr rotations partially 
pays off by increasing net returns from the corn and soybean enterprises. Averaged over 
tillage and cover cropping systems, both corn and soybean profits increased with 4-yr 
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rotation by 12 and 9% as compared to the 2-yr rotation (Table 7.7). Such difference is 
caused by greater corn and soybean yields with diversified rotations as discussed earlier 
in crop yield section. Note that other benefits from diversified rotations such as weed 
suppression or N credit were not taken into account in our study, which could be 
converted to additional profits from 3- and 4-yr rotation. For instance, a study conducted 
by Liebman et al. (2008) in Iowa found that net returns were highest for the  4-yr (corn-
soybean-small grain + alfalfa -alfalfa), lowest for the 3-yr [corn-soybean-small grain + 
red clover (Trifolium pratense L.)], and intermediate for the 2-yr rotation. This is partly 
due to the reduced use of synthetic N fertilizer and herbicide in diversified crop rotations 
(3-and 4-yr), which in comparison with 2-yr rotation was reduced by 59 and 76% in the 
3-yr rotation and 74 and 82% in the 4-yr rotation, respectively.  
One of the important functions of the small grains in Midwest cropping system is 
to provide a window for establishment of forage legume such as alfalfa (Medicago sativa 
L.) and clover. The legume stands, after being terminated, bring fertilizer replacement 
value for corn establishment, which can easily overcome their cost of establishment. In 
our study, however, there is no forage legume and production of both oat and winter 
wheat are reliant on synthetic N fertilizer. As with adopting any new agricultural practice, 
our study emphasizes that adding a small grain to a corn-soybean cropping system should 
be an incremental step. In other words, farmers who are beginners to small grains should 
start with one small grains crop. This is reflected from similar BCRs between 2- and 3-yr 
rotations (1.62 vs 1.60) (Table 7.6). Our results also suggest that growing one N 
responsive small grain (i.e. either oat or winter wheat) instead of two in a single rotation 
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cycle could be another strategy to diversify the cropping systems while maintaining 
similar returns to the land and management.  
Our study shows that average net returns for plots with CC were lower than those 
plots without CC (Table 7.6), due to additional CC expenses in combination with no 
improvement in corn and soybeans yields. This result is consistent with Plastina et al. 
(2018) finding that CC generates lower net returns than the NC in the short term unless it 
is used for on-farm benefits such as grazing livestock, or cost-share payments from 
government as received, both of which not accounted for in our study. The latter part is 
even more important for the producers who are at the beginning stage of experimenting 
with growing CC in their fields. As CC in our experiment has only been introduced for a 
short-term (5 years), so their immediate economic impact was not expected. However, it 
is noteworthy that on average the 2-yr NT system with winter rye as CC generates 
highest gross revenue among all studied systems in our study (Table 7.6). This gives an 
important indication for the producers who are new to cover cropping. Compared to 3- 
and 4-yr rotations that already have sufficient crop diversity, incorporating CC in 2-yr 
rotation in combination with NT will provide producers an economically feasible option 
to diversify the system.  
Tillage did not affect net return of corn and oat but had a significant impact on 
soybean and winter wheat profits (Table 7.7). Averaged over rotation and cover cropping 
management, the NT plots generated an increase in soybean profitability by 10.4% as 
compared to the CT plots. A significant interaction suggests that greater net return for 
soybean in the NT than CT system was only achieved under the 2-yr rotation. When 
analyzed over the whole experiment, gross revenue and net returns for NT system in this 
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study were similar on an average to the CT system (Table 7.6). Other conditions being 
the same, systems under NT always generated higher BCRs than those under CT. In 
addition to associated soil conservation benefits (Archer and Reicosky, 2009; Karlen et 
al., 2013), our study also support the viewpoint that NT system provides an economically 
more sustainable option than CT system because of the greater economic returns in 
general and improved BCRs.  
 
7.4. Summary and Conclusions 
The economic performance of twelve cropping systems that include a 
combination of three rotations (corn-soybean, corn-soybean-oat, and corn-soybean-oat-
winter wheat), two tillage systems (no-till vs. conventional-till) and two cover crop 
treatment (with and without cover crops) was calculated from a long-term study 
established in 1991 (cover crops introduced in fall 2013). The yield and price data for 5-
yr under all the studied cropping systems was collected and analyzed. This study showed 
that crop yield of corn and soybean and their profit increased as the rotations became 
more diversified with small grains (oats and winter wheat). Further, this study also 
demonstrates the yield and economic insights of integrating cover crops such as blend of 
legumes and brassicas after small grains, and winter rye after the corn harvest. While CC 
in its short-term did not contribute to economic benefit in our experiment, our results 
indicate that incorporating CC in 2-yr rotation under NT treatment will provide producers 
an economically feasible option to diversify the system. In this study, NT system 
increased soybean yield but compromised the yield of corn. Even so, due to the reduced 
cost, NT generated economically equivalent returns as compared to the CT but improved 
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the BCRs. Although we observed soil quality benefits from the conservation practices 
during this long-term experimental study (Alhameid et al., 2017), however, in the context 
of overall profitability, the diversified cropping system in this study lagged behind the 
traditional corn-soybean system which could be attributed to the relatively lower profits 
and more yield variation from small grains as compared to the corn and soybean crops. 
Therefore, it is important to include more profitable crops such as forage legumes that are 
both beneficial for soils and the environment in the diversified rotations. 
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Table 7. 1. Sequence of corn (C), soybean (S), oat (O), winter wheat (WW), winter rye 
(wr), and blend (b) for the period from 2014 to 2018, Beresford, SD. 
Treatment Fall 2013 2014 2015 2016 2017 2018 
2-yr CC† wr‡ S C/wr S C/wr S 
2-yr NC - S C S C S 
       
3-yr CC wr S O/b C/wr S O 
3-yr NC - S O C S O 
       
4-yr CC wr S O WW/b C/wr S 
4-yr NC - S O WW C S 
†2-yr CC; corn-soybean rotation with cover crop (CC) 
   2-yr NC; corn-soybean rotation without cover crop (NC) 
   3-yr CC; corn-soybean-oats rotation with cover crop (CC) 
   3-yr NC; corn-soybean rotation-oats without cover crop (NC) 
   4-yr CC; corn-soybean-oats-winter wheat rotation with cover crop (CC) 
   4-yr NC; corn-soybean rotation-oats- winter wheat without cover crop (NC) 
‡ Only a snippet of cropping sequence is shown here. In the study, each crop phase of each rotation system 
present every year in four replicate blocks. 
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Table 7. 2. Planting rate, fertilizer application, weed control, and fungicide inputs for maize, soybeans, oats, and winter wheat at 
Beresford, SD, during the 2014 to 2018 growing seasons. 
Crop input Corn Soybean Oats Winter wheat 
Planting rate 78 000 seeds ha-1  375 000 seeds ha-1 87 kg ha-1 132 kg ha-1 
Fertilizer     
Preplant 157 kg N ha-1, 22 kg P ha-1, 
and 64 kg K ha-1 
10 kg N ha-1, 20 kg P ha-1, 
and 64 kg K ha-1 
55 kg N ha-1, 20 kg P 
ha-1, and 64 kg K ha-1 
10 kg N ha-1 
Sidedress 33 kg N ha-1   138 kg N ha-1, 20 kg P 
ha-1, and 64 kg K ha-1 
Herbicides     
Preemergence 1.01 kg ha-1 a.i. glyphosate 
+ 1.07 ha-1 a.i. metolachlor 
+ 0.18 kg ha-1 a.i. 
metribuzin + 0.02 kg ha-1 
a.i.  saflufenacil 
1.01 kg ha-1 a.i. glyphosate + 
1.07 ha-1 a.i. metolachlor + 
0.18 kg ha-1 a.i. metribuzin + 
0.02 kg ha-1 a.i.  saflufenacil 
0.78 kg ha-1 a.i. 
glyphosate 
0.92 kg ha-1 a.i. 
glyphosate 
Postemergence 0.08 kg ha-1 a.i. mesotrione 
+ 0.16 kg ha-1 a.i atrazine 
1.01 kg ha-1 a.i. glyphosate + 
0.14 kg ha-1 a.i. clethodim + 
0.14 kg ha-1 a.i. fomesafen + 
0.014 kg ha-1 a.i. 
cloransulam-methyl 
0.46 kg ha-1 a.i. 
bromoxynil + 0.28 kg 
ha-1 a.i dicamba† 
0.02 kg ha-1 a.i. 
pyroxsulam + 0.37 kg 
ha-1 a.i. bromoxynil + 




  0.92 kg ha-1 a.i. 
glyphosate 
0.92 kg ha-1 a.i. 
glyphosate 
Fungicides‡   0.12 kg ha-1 a.i.  
propiconazole 
0.08 kg ha-1 a.i. 
metconazole 
† Dicamba was only applied to small grains in 2014. 
‡ Fungicides were applied to small grains in 2015, 2016, and 2017.
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Table 7. 3. Influence of year on crop yield and growing season precipitation (Apr. to 
Sept.) and coefficient of variation in the long-term cropping system study at Beresford, 
SD, 2014-2018. †Numbers in the same column followed by same letter are not 
statistically different from each other at the 0.05 significance level according to LS 
MEANS. 
Year Corn Soybean Oats Winter wheat  Precipitation 
 Yield, Mg ha-1  mm 
2014 10.8 c† 3.9 bc 3.1 d 2.4 b  559 
2015 11.3 b 4.4 a 5.8 a 4.8 a  631 
2016 11.6 b 3.8 cd 3.9 b 5.0 a  602 
2017 10.5 c 3.7 d 3.9 b 5.0 a  581 
2018 13.8 a 4.0 b 3.5 c 4.4 a  703 
 Coefficient of variation (%)   
 14 13 27 28   
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Table 7. 4. Influence of rotation [corn-soybean (2-yr), corn–soybean–oats (3-yr), and 
corn–soybean–oats – winter wheat (4-yr)], tillage [no-till (NT) and conventional-till 
(CT)] and cover cropping [cover crops (CC) and no-cover crop (NC)] management on 
crop yield in the long-term cropping system study, Beresford, SD, 2014-2018. Within a 
column, different lowercase letters are significant at p < 0.05. 
Sources of  Corn Soybean Oats Winter 
variation    Wheat 
 Yield (Mg ha-1) 
Rotation     
2-yr 11.22 b 3.86 - - 
3-yr 11.47 b 3.99 4.11 - 
4-yr 11.88 a 4.02 3.98 4.26 
p-value 0.001 0.054 0.122 - 
Tillage     
NT 11.23 b 3.99 4.00 4.09 
CT 11.81 a 3.93 4.09 4.43 
p-value <0.001 0.320 0.269 0.076 
Rotation x Tillage     
2-yr, NT 11.12 4.03 a - - 
2-yr, CT 11.43 3.70 b - - 
3-yr, NT 10.96 3.92 a 4.06 - 
3-yr, CT 11.99 4.06 a 4.15 - 
4-yr, NT 11.72 4.01 a 3.94 - 
4-yr, CT 12.05 4.03 a 4.02 - 
p-value 0.090 0.003 0.980 - 
Cover cropping     
CC 11.38 b 3.91 - - 
NC 11.67 a 4.01 - - 
p-value 0.048 0.062 - - 
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Table 7. 5. Mean annual production cost structure of corn, soybean, oats, winter wheat, winter rye, and blend, 2014 to 2018 at 
Beresford, SD. 
  Production costs ($ ha-1) 
Input  Corn Soybean Oats Winter wheat Winter rye Blend 
Seed  228† 138 36 48 18 32 
Fertilizer  297 71 117 188 - - 
Pesticides  65 82 25 23 43 8 
Machinery‡  147 137 110 153 41 41 
Drying and Hauling§  155 47 86 49 - - 
Crop insurance  64 40 25 36 - - 
Total cost  955 515 398 497 102 81 
†All costs are rounded to the nearest dollar. 
‡ Machinery expenses calculated using custom rates of North Dakota (Haugen, 2016). 
§ Drying and hauling costs based on average yield in the study (corn; 11.5 t ha-1, soybean; 3.96 t ha-1, oats; 4.05 t ha-1, winter wheat; 4.26 t ha-1). 
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Table 7. 6. Gross returns, production costs, net returns, and benefit-cost ratio (BCR) for 
corn-soybean (2-yr), corn–soybean–oats (3-yr), and corn–soybean–oats – winter wheat 
(4-yr) rotations with cover crops (CC) and no-cover crop (NC) under no-till (NT) and 
conventional-till (CT) systems, averaged across the 2014 to 2018 growing seasons in the 
long-term cropping system study at Beresford, SD. Within a column, different lowercase 
letters are significant at p < 0.05. 
Rotation Tillage Cover Gross Production Net BCR 
  cropping returns costs returns  
   $ ha-1  
Rotation       
2-yr   1358 a 838 a 520 a 1.62 a 
3-yr   1179 b 738 b 441 b 1.60 a 
4-yr   1095 c 703 b 392 c 1.56 b 
p-value   <0.001 <0.001 <0.001 0.008 
       
Tillage       
 NT  1174 725 b 449 1.62 a 
 CT  1193 766 a 427 1.56 b 
 p-value  0.667 0.025 0.198 0.032 
       
Cover cropping      
  CC 1171 773 a 398 b 1.52 b 
  NC 1196 719 b 477 a 1.66 a 
  p-value 0.381 0.004 <0.001 <0.001 
       
Rotation x Tillage x Cover cropping     
2-yr NT CC 1380 837 543 1.65 
 CT CC 1320 886 434 1.49 
 NT NC 1375 790 585 1.74 
 CT NC 1359 836 524 1.69 
3-yr NT CC 1126 745 381 1.51 
 CT CC 1191 793 398 1.50 
 NT NC 1172 682 490 1.72 
 CT NC 1226 730 496 1.68 
4-yr NT CC 1080 713 366 1.51 
 CT CC 1092 741 351 1.47 
 NT NC 1096 663 433 1.65 
 CT NC 1112 695 417 1.60 
p-value ns ns ns ns 






Table 7. 7. Influence of rotation [corn-soybean (2-yr), corn–soybean–oats (3-yr), and 
corn–soybean–oats – winter wheat (4-yr)], tillage [no-till (NT) and conventional-till 
(CT)] and cover cropping [cover crops (CC) and no-cover crop (NC)] management on 
crop associated net returns in the long-term cropping system study, Beresford, SD, 2014-
2018. Within a column, different lowercase letters are significant at p < 0.05. 
Sources of   Corn Soybean Oats Winter 
variation     Wheat 
  $ ha-1 
Rotation      
2-yr  394 b 648 - - 
3-yr  393 b 693 207 a - 
4-yr  441 a 704 183 b 168 
p-value  0.018 0.058 0.008 - 
Tillage      
NT  402 717 a 205 146 b 
CT  417 648 b 187 189 a 
p-value  0.184 <0.001 0.156 0.001 
Rotation x Tillage      
2-yr, NT  401 731 a - - 
2-yr, CT  386 571 b - - 
3-yr, NT  358 696 a 216 - 
3-yr, CT  426 690 a 199 - 
4-yr, NT  444 725 a 194 - 
4-yr, CT  439 683 a 173 - 
p-value  0.100 0.003 0.860 - 
Cover cropping      
CC  364 b 614 b - - 
NC  455 a 751 a - - 
p-value  <0.001 <0.001 - - 
Rotation x Cover cropping      
2-yr, CC  396 b 578 - - 
2-yr, NC  391 b 720 - - 
3-yr, CC  317 c 619 - - 
3-yr, NC  468 a 767 - - 
4-yr, CC  379 b 645 - - 
4-yr, NC  504 a 763 - - 




Table S7. 1. Marketing year average prices received by South Dakota farmers, 2014 to 
2018†. 
Year Corn Soybean Oat Winter wheat 
 $ kg-1 
2014 0.131 0.344 0.207 0.201 
2015 0.130 0.314 0.145 0.154 
2016 0.122 0.332 0.136 0.133 
2017 0.122 0.328 0.169 0.186 
2018 0.130 0.293 0.184 0.188 























Table S7. 2. Seed and fertilizer prices during the study period. 
Input   2014 2015 2016 2017 2018 
   $ 
Seed        
Corn, 1000 kernels   3.00 3.00 3.00 3.00 3.00 
Soybeans, 1000 kernels   0.38 0.35 0.33 0.39 0.39 
Oat, kg   0.45 0.41 0.41 0.38 0.41 
Winter wheat, kg   0.44 0.39 0.29 0.28 0.29 
        
Fertilizers        
N, kg   0.21 0.21 0.18 0.18 0.72 
P, kg   - 0.20 0.20 0.17 - 
K, kg   0.19 - - 0.12 - 
S, kg   - - - 0.14 0.14 
        
Crop insurance (ha-1)        
Corn   69.19 69.19 66.72 59.30 54.36 
Soybeans   42.00 42.00 39.54 39.04 38.30 
Oat   27.18 25.95 24.71 24.09 24.22 

















Table S7. 3. Average custom rate costs from 2013 to 2018 for machinery operations and 
harvesting charges†. 
Operation Cost 
 $ ha-1 
Tillage  
Chisel plowing 27.97 
Field cultivation 22.68 
Row crop planting  
Regular 40.03 
No-till  41.40 
Small grain planting  
Regular drilling 37.27 
No-till drill 40.58 
Fertilizer application  
Broadcast 15.49 
Side-dressing 24.08 






Small grains 75.51 
  














CONCLUSIONS AND SUMMARY 
 This dissertation highlights some important features of conservation agricultural 
management practices with certain crop rotations, cover crops and tillage combinations 
on soils, environment, crop yield and economics. The study was conducted at the South 
Dakota State University Southeast Research Farm near Beresford, SD (43° 02’ 58” N, 
96° 53’ 30” W) on Egan silty clay loam (fine-silty, mixed, superactive, mesic Udic 
Haplustolls) soil. Experimental design was a randomized complete block design in a 
split-split plot treatment arrangement with four replications. Rotations, tillage and cover 
cropping were, respectively, assigned as main-plot, sub-plot and sub-sub-plot factors. The 
following conclusions were determined from the five different studies: 
Study 1. Soil biochemical properties 
 Seasonal fluctuations are important to understand the management impacts on soil 
carbon fractions and biochemical properties. Higher values for enzyme activities 
were observed in spring sampling (pre-planting), in contrast to active carbon 
content that gradually increased at fall sampling date. Similarly, measured 
parameters for active nitrogen content were higher at planting (summer). 
 Residues produced from cover crops during winter fallow impacted soil 
functioning and interacted with other management factors (rotation and tillage). 
Cover crops had 9, 17 and 19% higher geometric mean of enzyme activities than 
the no-cover crop plots at pre-planting, after planting and grain-filling stage of 
maize, respectively. The MBC and β-glucosidase activity were 31 and 54%, 
respectively, higher with cover crop vs. no-cover crop under 4-yr rotation after 
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planting of maize. At grain-filling stage, the hot-water extractable carbon and 
nitrogen contents were significantly greater under cover crop as compared to the 
no-cover crop plots. 
 This study showed that biochemical properties of soil were enhanced by adopting 
winter cover crop and no-till system. 
Study 2. Soil physical and hydrological properties 
 Cover crops (CC) reduced bulk density (ρb) by 6% and increased saturated 
hydraulic conductivity (Ksat) and water infiltration rate (qs) by 1.5 times. The 
commuted tomography (CT)-measured total porosity, number of macropores and 
macroporosity were 43, 34, and 60%, respectively, higher with CC as compared 
to the fallow plots. 
 Soils under four-year corn (Zea mays L.)–soybean (Glycine max L. [Merr.])–oat 
(Avena sativa)–winter wheat (Triticum aestivum L.) (CSOW) rotation had 16, 14, 
and 4% higher values of soil organic carbon (SOC), total nitrogen (TN), and wet 
aggregate stability (WAS) compared to those under two-year corn–soybean (CS) 
rotation, respectively. The CSOW rotation significantly (P<0.05) increased 
number of CT-measured pores, number of macropores (>1,000 µm diam.), coarse 
mesopores (60 to 1,000 µm diam.), macroporosity, and mesoporosity than the CS 
system. 
 This study confirms the interest in using X-ray CT for the quantification of pores, 
and the use of cropping systems that include diverse crop rotations (CSOW) and 




Study 3. Microbial community structure and greenhouse gas (GHG) fluxes  
 Statistical differences in microbial community structure between treatments were 
few, however, in comparison to 2-yr (corn-soybean) and fallow management, the 
4-yr (corn-soybean-oat-winter wheat) rotation and cover crop had numerically 
greater specific biomarkers for bacterial or fungal populations. 
 The 2-yr rotation had greater CO2 emissions than the 4-yr during growing season 
of 2017. However, 4-yr rotation increased the GHG fluxes during spring thaw of 
2018.  
 Cumulative CO2 emissions were greater under cover crop than the fallow when 
averaged over both the rotations during 2017, however, interaction effect during 
2018 suggested that cover crops had lower CO2 emissions than the fallow only 
under 2-yr rotation. 
 This study suggests that cropping system diversification achieved by extending 
length of rotations through small grains and by growing winter cover crops such 
as winter rye under no-till system has the potential to enhance microbial 
community structure composition and mitigate GHG emissions. 
Study 4. DNDC model simulations 
 The DNDC model was able to simulate soil (0–10 cm) temperature (NSE ranges 
from 0.64 to 0.97) and soil moisture (nRMSE = 82 to 154%), under all cropping 
systems, however, model did not simulate the moisture really.  
 The DNDC model’s performance in simulating daily soil CO2 fluxes for corn 
phase was “excellent”. However, the DNDC model overestimated the simulated 
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soil respiration (MBE ~ 9.0) compared to the measured data during the soybean 
phase.  
 The statistics showed “poor” agreement between the simulated and measured N2O 
emissions because DNDC model underestimated the fluxes during both crop 
phases. 
Study 5. Crop yield and economics 
 No-till (NT) system though reduced the corn yield but increased the soybean yield 
under 2-yr rotation as compared to the conventional-till (CT) system. Hence, both 
tillage systems were economically equivalent, whereby NT system improved 
benefit-cost ratio as compared to the CT system. 
 Cover crops in its short-term (5 years) did not contribute to economic benefits, 
our results indicated that incorporating CC in conventional rotation system under 
NT treatment could provide an economically superior option to diversify the 
system. 
 Increased length of crop rotations (3- and 4-yr) increased the corn and soybean 
yields as compared to the 2-yr rotation. In the context of overall profitability, 
however, the diversified cropping system in this study lagged the traditional corn-
soybean system which could be attributed to the relatively lower profits of small 
grains. Numerically, the highest net returns were observed with a 2-yr rotation 
under no-till system.  
 Study concludes that it is important to include more profitable crops such as 
forage legumes that are both beneficial for soils and the environment in the 







A1. Laboratory measurements of gravimetric soil moisture content (MC), water soluble carbon (WSC), water soluble nitrogen (WSN), 
hot water extractable C (HWC), hot water extractable N (HWN), microbial biomass C (MBC) and microbial biomass N (MBN) in 
three sampling times of 2017 at 0- to 7.5-cm depth from rotation (Rot), tillage and cover type treatments under maize phase. Note: NT, 
no-till; CT, conventional-till; 2Y, maize-soybean; 3Y, maize-soybean-oat; 4Y, maize-soybean-oat-winter wheat; NC; no-cover crop 
control; CC, cover crop; Rep, replication. 
Time Tillage Rot Cover Rep MC WSC WSN HWC HWN MBC MBN 
   type  g g-1 ---------------------------- µg g-1 ---------------------------- 
Spring NT  2Y  NC 1 0.41 257.38 45.40 977.03 131.29 595.31 58.28 
Spring NT  2Y  CC 1 0.34 148.89 29.07 1642.00 175.32 351.16 28.34 
Spring CT  2Y  NC 1 0.36 189.62 28.13 1148.93 119.51 295.63 23.97 
Spring CT  2Y  CC 1 0.52 255.97 37.59 1503.60 160.95 385.30 43.65 
Spring NT  3Y  NC 1 0.44 158.26 31.93 1022.07 103.23 148.97 11.09 
Spring NT  3Y  CC 1 0.35 114.91 17.48 1597.27 184.28 181.28 56.96 
Spring CT  3Y  NC 1 0.37 212.15 43.26 975.97 98.93 234.32 22.75 
Spring CT  3Y  CC 1 0.42 154.60 25.55 1162.02 127.06 192.23 19.73 
Spring NT  4Y  NC 1 0.44 158.05 24.35 839.90 87.91 315.64 31.62 
Spring NT  4Y  CC 1 0.40 216.10 38.90 1336.63 142.29 586.31 74.68 
Spring CT  4Y  NC 1 0.45 257.09 52.38 1046.25 112.05 208.73 - 
Spring CT  4Y  CC 1 0.41 203.17 42.14 828.27 101.38 77.75 8.71 
Spring CT  3Y  NC 2 0.46 273.74 40.62 614.59 79.58 158.13 23.46 
Spring CT  3Y  CC 2 0.45 275.71 42.39 890.55 93.50 343.82 26.11 
Spring NT  3Y  NC 2 0.38 231.87 32.53 665.05 83.56 319.63 18.86 
Spring NT  3Y  CC 2 0.40 243.07 40.40 1266.00 194.43 537.34 53.63 
Spring CT  4Y  NC 2 0.44 83.33 21.07 903.63 112.78 203.01 25.35 
Spring CT  4Y  CC 2 0.37 52.33 13.77 547.20 67.53 311.85 20.49 
Spring NT  4Y  NC 2 0.37 188.69 29.53 987.48 132.19 437.88 18.38 
Spring NT  4Y  CC 2 0.33 116.19 24.03 774.36 82.59 274.12 18.27 
Spring CT  2Y  NC 2 0.55 265.42 41.86 726.20 90.38 181.99 - 
Spring CT  2Y  CC 2 0.45 261.53 46.51 1785.40 236.70 990.71 99.02 
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Time Tillage Rot Cover Rep MC WSC WSN HWC HWN MBC MBN 
   type  g g-1 ---------------------------- µg g-1 ---------------------------- 
Spring NT  2Y  NC 2 0.56 157.63 24.63 860.12 102.01 652.16 61.92 
Spring NT  2Y  CC 2 0.36 227.72 35.92 1066.87 143.21 151.62 13.39 
Spring NT  4Y  NC 3 0.44 208.15 31.79 682.28 88.27 235.86 41.81 
Spring NT  4Y  CC 3 0.40 258.26 42.95 1831.71 219.97 532.50 42.10 
Spring CT  4Y  NC 3 0.36 204.80 31.23 1242.32 153.20 113.60 13.03 
Spring CT  4Y  CC 3 0.39 285.23 42.33 806.75 98.15 - 9.31 
Spring NT  2Y  NC 3 0.47 178.15 29.72 638.78 70.06 107.29 2.91 
Spring NT  2Y  CC 3 0.39 212.00 31.08 717.21 88.01 307.12 17.11 
Spring CT  2Y  NC 3 0.38 74.88 19.42 1061.75 140.33 304.06 26.47 
Spring CT  2Y  CC 3 0.39 181.64 27.26 813.43 98.22 372.05 22.25 
Spring NT  3Y  NC 3 0.31 182.61 33.57 745.02 92.39 154.19 5.25 
Spring NT  3Y  CC 3 0.36 281.82 52.63 - - 863.58 107.82 
Spring CT  3Y  NC 3 0.37 132.61 24.51 641.53 80.41 271.24 3.43 
Spring CT  3Y  CC 3 0.37 244.52 37.94 676.95 75.80 289.85 23.80 
Spring CT  2Y  NC 4 0.38 67.94 17.40 758.52 95.51 289.07 21.27 
Spring CT  2Y  CC 4 0.40 220.30 38.13 524.83 70.21 442.67 39.36 
Spring NT  2Y  NC 4 0.41 149.83 23.84 355.97 45.90 159.47 - 
Spring NT  2Y  CC 4 0.44 375.82 52.57 1182.54 154.63 90.09 - 
Spring CT  4Y  NC 4 0.42 172.90 30.75 451.88 55.01 351.38 21.36 
Spring CT  4Y  CC 4 0.52 304.38 52.24 1232.96 51.17 260.33 17.97 
Spring NT  4Y  NC 4 0.39 209.65 30.08 628.71 27.18 113.26 4.96 
Spring NT  4Y  CC 4 0.39 248.17 41.08 831.70 31.62 405.17 40.21 
Spring CT  3Y  NC 4 0.41 75.42 17.53 663.23 35.60 - - 
Spring CT  3Y  CC 4 0.44 196.45 32.64 842.38 31.22 255.73 71.63 
Spring NT  3Y  NC 4 0.42 143.71 19.75 836.28 14.43 129.37 40.12 
Spring NT  3Y  CC 4 0.45 209.99 32.15 1106.89 40.47 256.06 53.18 
Summer NT  2Y  NC 1 0.24 240.70 95.30 973.98 92.20 334.70 137.93 
Summer NT  2Y  CC 1 0.24 249.53 78.41 970.93 89.84 429.89 93.47 
Summer CT  2Y  NC 1 0.27 61.52 80.89 1043.48 93.00 576.35 142.64 
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Time Tillage Rot Cover Rep MC WSC WSN HWC HWN MBC MBN 
   type  g g-1 ---------------------------- µg g-1 ---------------------------- 
Summer CT  2Y  CC 1 0.31 59.84 60.66 874.05 82.02 460.64 104.46 
Summer NT  3Y  NC 1 0.30 41.39 80.23 655.52 79.00 351.00 141.84 
Summer NT  3Y  CC 1 0.21 35.28 61.87 1150.69 108.96 373.48 107.58 
Summer CT  3Y  NC 1 0.26 30.64 163.10 845.88 92.44 130.78 174.48 
Summer CT  3Y  CC 1 0.28 208.01 147.93 905.67 96.00 397.65 177.74 
Summer NT  4Y  NC 1 0.33 255.19 92.35 874.26 92.85 251.19 92.70 
Summer NT  4Y  CC 1 0.19 261.56 95.59 899.69 89.34 329.55 99.89 
Summer CT  4Y  NC 1 0.23 174.28 112.86 983.03 95.97 331.64 88.15 
Summer CT  4Y  CC 1 0.24 162.06 106.41 843.80 83.54 390.78 93.99 
Summer CT  3Y  NC 2 0.30 136.77 131.27 841.40 88.16 334.56 69.68 
Summer CT  3Y  CC 2 0.18 141.43 184.90 1005.24 94.68 316.65 138.62 
Summer NT  3Y  NC 2 0.25 43.05 123.01 779.01 83.82 438.81 152.08 
Summer NT  3Y  CC 2 0.24 238.73 86.47 661.03 61.33 353.18 64.53 
Summer CT  4Y  NC 2 0.29 250.68 122.71 636.49 68.27 490.45 127.05 
Summer CT  4Y  CC 2 0.24 208.49 103.96 622.94 61.88 523.25 119.46 
Summer NT  4Y  NC 2 0.24 256.14 86.97 868.56 80.37 345.54 31.93 
Summer NT  4Y  CC 2 0.30 60.60 48.18 632.65 63.57 386.66 21.70 
Summer CT  2Y  NC 2 0.31 193.42 86.36 680.39 61.44 491.11 38.57 
Summer CT  2Y  CC 2 0.21 230.28 127.73 876.93 84.99 418.80 31.40 
Summer NT  2Y  NC 2 0.24 179.37 95.24 908.57 83.15 577.56 22.68 
Summer NT  2Y  CC 2 0.30 143.06 92.19 638.38 70.12 449.65 12.13 
Summer NT  4Y  NC 3 0.26 334.56 122.37 934.90 93.89 329.24 25.40 
Summer NT  4Y  CC 3 0.22 274.78 76.40 898.53 88.71 413.14 28.30 
Summer CT  4Y  NC 3 0.22 195.12 108.76 932.26 79.74 260.71 104.24 
Summer CT  4Y  CC 3 0.26 80.04 180.23 883.07 89.83 619.84 - 
Summer NT  2Y  NC 3 0.26 219.81 54.21 861.06 74.01 379.57 48.55 
Summer NT  2Y  CC 3 0.19 243.90 80.64 741.34 73.23 566.95 102.48 
Summer CT  2Y  NC 3 0.22 206.02 109.58 863.21 82.16 534.78 81.46 
Summer CT  2Y  CC 3 0.26 49.27 120.12 1002.07 81.81 557.13 121.05 
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Time Tillage Rot Cover Rep MC WSC WSN HWC HWN MBC MBN 
   type  g g-1 ---------------------------- µg g-1 ---------------------------- 
Summer NT  3Y  CC 3 0.26 168.07 88.89 730.54 69.01 357.94 49.99 
Summer NT  3Y  NC 3 0.28 60.79 89.42 677.98 62.82 298.28 68.61 
Summer CT  3Y  NC 3 0.22 102.62 187.17 879.60 83.38 379.74 81.01 
Summer CT  3Y  CC 3 0.28 142.27 94.54 883.49 67.02 278.17 45.67 
Summer CT  2Y  NC 4 0.28 112.79 194.69 824.47 97.20 463.76 124.68 
Summer CT  2Y  CC 4 0.26 118.83 97.78 810.86 82.52 346.15 37.49 
Summer NT  2Y  NC 4 0.27 106.15 87.31 973.21 80.60 329.79 33.37 
Summer NT  2Y  CC 4 0.27 239.16 74.90 881.30 81.12 305.54 16.11 
Summer CT  4Y  NC 4 0.21 68.99 133.46 828.59 78.14 262.23 - 
Summer CT  4Y  CC 4 0.25 34.09 65.94 855.86 90.54 200.88 - 
Summer NT  4Y  NC 4 0.22 177.79 85.58 818.38 79.59 166.42 - 
Summer NT  4Y  CC 4 0.26 175.63 104.18 891.48 101.64 326.73 - 
Summer CT  3Y  NC 4 0.29 48.12 - 980.25 122.80 - - 
Summer CT  3Y  CC 4 0.33 106.67 89.78 781.90 102.79 384.78 - 
Summer NT  3Y  NC 4 0.23 86.70 95.12 911.73 98.55 - - 
Summer NT  3Y  CC 4 0.28 - - 781.62 89.05 92.70 - 
Fall NT  2Y  NC 1 0.24 538.41 35.24 1930.36 58.54 244.53 27.96 
Fall NT  2Y  CC 1 0.23 531.34 31.72 1608.52 54.49 219.69 17.63 
Fall CT  2Y  NC 1 0.25 239.07 14.21 1689.77 60.20 291.04 19.57 
Fall CT  2Y  CC 1 0.26 312.97 32.25 - 127.79 359.36 52.11 
Fall NT  3Y  NC 1 0.25 148.93 14.36 2104.61 70.33 86.43 26.90 
Fall NT  3Y  CC 1 0.27 200.06 61.73 1492.00 54.93 302.07 25.70 
Fall CT  3Y  NC 1 0.27 144.44 138.31 1742.00 52.22 246.32 33.82 
Fall CT  3Y  CC 1 0.24 462.07 33.99 1648.36 53.89 368.08 29.48 
Fall NT  4Y  NC 1 0.27 459.43 34.17 1904.54 66.35 331.47 29.44 
Fall NT  4Y  CC 1 0.24 468.52 23.08 1572.62 51.00 354.49 23.72 
Fall CT  4Y  NC 1 0.24 400.06 56.65 1419.03 45.68 293.65 23.96 
Fall CT  4Y  CC 1 0.25 370.51 48.83 1512.07 47.70 542.79 38.18 
Fall CT  3Y  NC 2 0.39 412.47 76.62 1496.52 52.44 500.76 14.66 
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Time Tillage Rot Cover Rep MC WSC WSN HWC HWN MBC MBN 
   type  g g-1 ---------------------------- µg g-1 ---------------------------- 
Fall NT  3Y  NC 2 0.25 382.99 78.04 1494.51 52.33 - 17.90 
Fall CT  3Y  CC 2 0.24 484.93 56.31 1701.74 58.96 461.43 35.17 
Fall NT  3Y  CC 2 0.23 225.15 28.99 1788.58 59.06 664.39 43.32 
Fall CT  4Y  NC 2 0.31 513.72 26.31 1355.63 44.45 530.86 34.72 
Fall CT  4Y  CC 2 0.23 606.16 28.00 1892.35 64.85 520.95 41.33 
Fall NT  4Y  NC 2 0.23 564.93 34.09 1468.79 49.19 548.19 41.64 
Fall NT  4Y  CC 2 0.24 393.82 22.89 2379.14 75.95 586.69 35.09 
Fall CT  2Y  NC 2 0.28 480.70 52.26 1212.53 48.15 495.57 14.30 
Fall CT  2Y  CC 2 0.29 555.90 28.28 1604.57 58.66 538.80 33.22 
Fall NT  2Y  NC 2 0.25 320.58 43.90 1522.66 59.19 389.91 26.99 
Fall NT  2Y  CC 2 0.24 399.20 29.71 1914.42 69.92 283.16 22.36 
Fall NT  4Y  NC 3 0.25 567.49 40.73 2485.81 89.93 297.46 33.59 
Fall NT  4Y  CC 3 0.23 806.63 41.87 2643.47 94.90 781.83 38.73 
Fall CT  4Y  NC 3 0.22 493.62 27.58 1628.87 52.60 544.29 31.56 
Fall CT  4Y  CC 3 0.25 185.25 11.91 2187.72 76.39 486.73 27.37 
Fall NT  2Y  NC 3 0.24 561.64 36.55 1632.65 56.32 94.05 17.61 
Fall NT  2Y  CC 3 0.27 586.13 43.96 1883.81 68.10 482.16 20.28 
Fall CT  2Y  NC 3 0.25 311.75 46.53 1644.03 60.59 - 23.67 
Fall CT  2Y  CC 3 0.25 279.28 23.06 1718.83 62.75 523.65 27.26 
Fall NT  3Y  NC 3 0.25 323.75 24.25 1611.88 49.15 508.00 28.48 
Fall NT  3Y  CC 3 0.26 229.46 16.15 1722.31 70.16 647.84 32.69 
Fall CT  3Y  NC 3 0.24 406.20 41.50 1559.19 60.48 403.09 9.78 
Fall CT  3Y  CC 3 0.27 360.37 44.69 1560.98 65.24 559.61 22.00 
Fall CT  2Y  NC 4 0.23 576.02 37.21 1662.94 62.58 356.09 26.63 
Fall CT  2Y  CC 4 0.29 - - 1569.98 54.30 443.96 22.74 
Fall NT  2Y  NC 4 0.25 500.88 34.42 1646.81 59.02 447.67 14.82 
Fall NT  2Y  CC 4 0.23 484.64 30.38 1979.21 78.33 449.25 16.02 
Fall CT  4Y  NC 4 0.24 461.39 28.37 2000.25 78.47 381.38 14.64 
Fall CT  4Y  CC 4 0.24 746.58 36.53 1948.70 82.78 452.07 25.59 
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Time Tillage Rot Cover Rep MC WSC WSN HWC HWN MBC MBN 
   type  g g-1 ---------------------------- µg g-1 ---------------------------- 
Fall NT  4Y  CC 4 0.24 455.48 30.49 2355.59 90.55 612.59 21.72 
Fall NT  4Y  NC 4 0.21 556.04 31.47 2203.33 81.14 542.83 25.32 
Fall CT  3Y  NC 4 0.22 421.87 27.35 1555.99 59.17 547.72 16.84 
Fall CT  3Y  CC 4 0.28 538.86 30.16 1995.44 78.83 301.87 14.50 
Fall NT  3Y  NC 4 0.26 402.05 48.00 - - 984.71 42.65 





A2. Laboratory measurements of urease, phosphatase (Phosp), arylsulfatase (Arylsuf), and β-D-glucosidase (β-Glu) activity in three 
sampling times of 2017 at 0- to 7.5-cm depth from tillage, rotation and cover type treatments under the maize phase. Note: NT, no-till; 
CT, conventional-till; 2Y, maize-soybean; 3Y, maize-soybean-oat; 4Y, maize-soybean-oat-winter wheat; NC; no-cover crop; CC, 
cover crop; Rep, replication.  
Time Tillage Rotation Cover type Rep Urease  Phosp Arylsuf β-Glu 
     µg NH4 2h-1 ---- µg pNP released g-1 soil h-1 ---- 
Spring NT  2Y  NC 1 30.69 968.96 347.62 - 
Spring NT  2Y  CC 1 103.09 512.29 221.36 355.47 
Spring CT  2Y  NC 1 29.44 759.21 138.43 - 
Spring CT  2Y  CC 1 25.99 567.53 275.08 182.35 
Spring NT  3Y  NC 1 84.43 609.82 185.11 308.33 
Spring NT  3Y  CC 1 132.21 381.40 - 126.23 
Spring CT  3Y  NC 1 2.06 336.71 37.59 66.24 
Spring CT  3Y  CC 1 73.80 582.14 98.38 364.02 
Spring NT  4Y  NC 1 34.45 561.47 94.12 - 
Spring NT  4Y  CC 1 27.13 672.25 104.07 577.23 
Spring CT  4Y  NC 1 25.05 503.30 16.11 245.66 
Spring CT  4Y  CC 1 - 435.41 53.77 271.83 
Spring CT  3Y  NC 2 16.08 445.99 92.35 287.94 
Spring CT  3Y  CC 2 - 561.74 94.70 368.11 
Spring NT  3Y  NC 2 61.70 954.94 95.14 666.70 
Spring NT  3Y  CC 2 37.94 850.05 116.28 583.72 
Spring CT  4Y  NC 2 80.75 384.55 202.48 848.61 
Spring CT  4Y  CC 2 80.20 276.27 197.54 145.66 
Spring NT  4Y  NC 2 71.59 694.86 185.54 745.63 
Spring NT  4Y  CC 2 33.94 341.20 148.00 363.20 
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Time Tillage Rotation Cover type Rep Urease  Phosp Arylsuf β-Glu 
     µg NH4 2h-1 ---- µg pNP released g-1 soil h-1 ---- 
Spring CT  2Y  CC 2 173.80 1294.17 390.62 848.48 
Spring CT  2Y  NC 2 37.58 424.23 117.75 - 
Spring NT  2Y  NC 2 82.87 547.74 182.75 667.28 
Spring NT  2Y  CC 2 47.17 767.06 186.86 443.45 
Spring NT  4Y  NC 3 58.43 887.39 248.81 540.63 
Spring NT  4Y  CC 3 48.64 828.76 198.69 325.65 
Spring CT  4Y  NC 3 66.95 559.26 101.26 177.36 
Spring CT  4Y  CC 3 67.88 505.03 154.44 350.64 
Spring NT  2Y  NC 3 - 811.47 160.84 471.94 
Spring NT  2Y  CC 3 11.78 677.05 64.43 287.93 
Spring CT  2Y  NC 3 31.37 1564.42 137.64 190.79 
Spring CT  2Y  CC 3 - 888.29 95.39 587.67 
Spring NT  3Y  NC 3 - 595.18 99.84 756.09 
Spring NT  3Y  CC 3 51.43 1639.03 423.51 1401.47 
Spring CT  3Y  NC 3 - 442.22 54.24 574.29 
Spring CT  3Y  CC 3 12.28 629.52 68.42 1242.33 
Spring CT  2Y  NC 4 15.58 550.80 122.13 1534.37 
Spring CT  2Y  CC 4 72.77 527.24 86.56 1483.13 
Spring NT  2Y  NC 4 44.01 415.45 171.83 1527.37 
Spring NT  2Y  CC 4 27.06 525.88 61.72 1484.80 
Spring CT  4Y  NC 4 63.59 515.33 98.87 1846.71 
Spring CT  4Y  CC 4 22.16 844.88 199.75 1509.40 
Spring NT  4Y  NC 4 52.74 484.47 100.51 1816.18 
Spring NT  4Y  CC 4 66.42 1250.23 262.48 - 
Spring CT  3Y  NC 4 - 439.42 71.01 1234.75 
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Time Tillage Rotation Cover type Rep Urease  Phosp Arylsuf β-Glu 
     µg NH4 2h-1 ---- µg pNP released g-1 soil h-1 ---- 
Spring NT  3Y  NC 4 29.40 286.11 54.16 1322.00 
Spring CT  3Y  CC 4 83.12 514.63 78.61 1496.10 
Spring NT  3Y  CC 4 49.51 387.55 55.46 1202.28 
Summer NT  2Y  NC 1 65.47 587.59 124.21 615.18 
Summer NT  2Y  CC 1 86.07 460.45 178.50 417.03 
Summer CT  2Y  NC 1 87.36 643.63 265.07 472.29 
Summer CT  2Y  CC 1 86.56 577.40 259.40 742.31 
Summer NT  3Y  NC 1 87.68 853.25 102.79 495.85 
Summer NT  3Y  CC 1 40.79 597.66 110.78 436.00 
Summer CT  3Y  NC 1 29.87 451.07 55.23 494.30 
Summer CT  3Y  CC 1 46.66 464.99 116.42 648.75 
Summer NT  4Y  NC 1 41.21 678.72 77.85 236.15 
Summer NT  4Y  CC 1 51.51 162.89 62.48 231.37 
Summer CT  4Y  NC 1 41.19 511.51 60.86 310.95 
Summer CT  4Y  CC 1 50.98 521.57 69.33 468.32 
Summer CT  3Y  NC 2 56.00 494.21 55.06 124.77 
Summer CT  3Y  CC 2 26.56 636.09 58.47 498.60 
Summer NT  3Y  NC 2 86.14 339.71 142.22 315.21 
Summer NT  3Y  CC 2 70.97 542.17 61.51 308.77 
Summer CT  4Y  NC 2 52.94 477.14 134.87 404.22 
Summer CT  4Y  CC 2 76.04 349.02 217.61 668.07 
Summer NT  4Y  NC 2 42.47 158.11 66.91 227.35 
Summer NT  4Y  CC 2 93.14 693.94 329.85 282.06 
Summer CT  2Y  NC 2 30.41 491.44 171.95 365.15 
Summer CT  2Y  CC 2 44.20 579.94 161.83 356.00 
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Time Tillage Rotation Cover type Rep Urease  Phosp Arylsuf β-Glu 
     µg NH4 2h-1 ---- µg pNP released g-1 soil h-1 ---- 
Summer NT  2Y  CC 2 60.36 646.67 76.84 373.81 
Summer NT  2Y  NC 2 56.42 564.41 9.26 - 
Summer NT  4Y  NC 3 45.46 475.31 79.40 90.47 
Summer NT  4Y  CC 3 64.24 564.59 134.50 454.00 
Summer CT  4Y  NC 3 67.30 559.89 114.83 622.23 
Summer CT  4Y  CC 3 67.31 494.10 137.59 1023.44 
Summer NT  2Y  NC 3 99.65 708.25 119.14 757.81 
Summer NT  2Y  CC 3 35.95 540.23 58.06 503.48 
Summer CT  2Y  NC 3 38.77 581.34 78.05 575.86 
Summer CT  2Y  CC 3 67.22 733.91 131.37 850.49 
Summer NT  3Y  NC 3 22.06 353.39 - 98.02 
Summer NT  3Y  CC 3 23.72 421.52 10.26 119.73 
Summer CT  3Y  NC 3 28.86 417.29 10.36 327.76 
Summer CT  3Y  CC 3 34.26 667.87 55.38 328.66 
Summer CT  2Y  NC 4 21.97 433.13 21.69 - 
Summer CT  2Y  CC 4 36.06 537.96 35.43 580.35 
Summer NT  2Y  NC 4 53.95 472.41 24.11 752.44 
Summer NT  2Y  CC 4 38.82 576.79 42.38 485.84 
Summer CT  4Y  NC 4 38.58 488.71 59.98 373.52 
Summer CT  4Y  CC 4 45.12 489.97 19.71 353.88 
Summer NT  4Y  NC 4 47.59 546.35 64.48 319.10 
Summer NT  4Y  CC 4 50.88 411.62 82.92 485.79 
Summer CT  3Y  NC 4 15.57 415.90 - 241.29 
Summer CT  3Y  CC 4 29.25 479.47 53.67 528.67 
Summer NT  3Y  NC 4 54.84 394.91 34.40 448.90 
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Time Tillage Rotation Cover type Rep Urease  Phosp Arylsuf β-Glu 
     µg NH4 2h-1 ---- µg pNP released g-1 soil h-1 ---- 
Summer NT  3Y  CC 4 56.89 380.05 68.76 391.34 
Fall NT  2Y  NC 1 48.99 662.26 61.07 281.63 
Fall NT  2Y  CC 1 67.54 588.56 89.75 664.25 
Fall CT  2Y  NC 1 69.06 674.73 112.04 479.65 
Fall CT  2Y  CC 1 184.01 460.96 184.63 911.34 
Fall NT  3Y  NC 1 101.87 981.35 164.02 812.00 
Fall NT  3Y  CC 1 80.50 737.05 102.20 440.13 
Fall CT  3Y  NC 1 31.74 612.64 71.48 354.06 
Fall CT  3Y  CC 1 44.13 650.61 96.96 555.43 
Fall NT  4Y  NC 1 45.94 517.99 101.02 264.65 
Fall NT  4Y  CC 1 55.31 364.18 83.02 323.88 
Fall CT  4Y  NC 1 40.91 356.42 77.27 245.24 
Fall CT  4Y  CC 1 48.47 557.79 98.74 311.51 
Fall CT  3Y  NC 2 28.34 494.29 29.02 313.96 
Fall CT  3Y  CC 2 45.80 641.42 74.40 440.99 
Fall NT  3Y  NC 2 51.74 523.32 91.00 312.16 
Fall NT  3Y  CC 2 104.06 860.63 154.85 478.48 
Fall CT  4Y  NC 2 78.25 509.45 150.41 419.27 
Fall CT  4Y  CC 2 79.10 600.39 163.27 567.63 
Fall NT  4Y  NC 2 62.89 635.89 86.32 336.50 
Fall NT  4Y  CC 2 83.57 960.24 145.62 597.19 
Fall CT  2Y  NC 2 12.35 461.99 52.34 289.92 
Fall CT  2Y  CC 2 61.90 559.79 174.92 486.40 
Fall NT  2Y  NC 2 92.15 565.34 57.67 160.88 
Fall NT  2Y  CC 2 77.49 963.55 48.18 267.46 
225 
 
Time Tillage Rotation Cover type Rep Urease  Phosp Arylsuf β-Glu 
     µg NH4 2h-1 ---- µg pNP released g-1 soil h-1 ---- 
Fall NT  4Y  CC 3 96.30 735.42 126.15 431.71 
Fall NT  4Y  NC 3 70.76 1080.83 118.11 473.53 
Fall CT  4Y  NC 3 35.70 780.84 93.38 349.03 
Fall CT  4Y  CC 3 93.22 740.09 157.64 569.28 
Fall NT  2Y  NC 3 82.33 637.35 82.90 515.19 
Fall NT  2Y  CC 3 77.40 591.13 73.34 385.96 
Fall CT  2Y  NC 3 35.18 573.01 66.72 228.95 
Fall CT  2Y  CC 3 44.24 731.99 100.65 388.72 
Fall NT  3Y  NC 3 28.31 380.72 43.50 121.49 
Fall NT  3Y  CC 3 42.35 431.73 70.93 153.83 
Fall CT  3Y  NC 3 34.57 548.62 36.91 252.55 
Fall CT  3Y  CC 3 24.56 546.19 55.18 290.55 
Fall CT  2Y  NC 4 48.68 669.05 96.18 426.41 
Fall CT  2Y  CC 4 44.57 565.31 93.28 480.40 
Fall NT  2Y  NC 4 52.41 401.07 99.54 389.47 
Fall NT  2Y  CC 4 83.19 390.68 113.75 304.72 
Fall CT  4Y  NC 4 51.89 595.74 96.68 323.46 
Fall CT  4Y  CC 4 43.91 300.42 112.71 347.82 
Fall NT  4Y  NC 4 36.98 324.95 133.17 238.75 
Fall NT  4Y  CC 4 57.36 - 129.47 179.70 
Fall CT  3Y  NC 4 56.88 478.09 73.16 298.51 
Fall CT  3Y  CC 4 36.81 460.47 71.28 341.04 
Fall NT  3Y  NC 4 43.06 349.93 75.24 183.78 




A3. Laboratory measurements of soil organic carbon (SOC), total nitrogen (TN), wet aggregate stability (WAS), soil bulk density (ρb), 
soil penetration resistance (SPR), hydraulic conductivity (Ksat) and steady state infiltration rate (qs) under corn-soybean (2Y) and corn-
soybean-oat-winter wheat (4Y) rotations managed with (CC) and without cover crop (NC) under the no-till system at 0- to 7.5-cm 
depth. Note: rep stands for replication. 
Cover 
type 
Rotation Rep SOC TN WAS ρb SPR Ksat qs 
  g kg-1 g kg-1 % g cm-3 MPa mm h-1 mm h-1 
CC 2Y 1 33.9 4.3 89.50 1.33 3.27 31.0 65.2 
CC 2Y 2 35.0 4.9 89.63 1.43 2.74 12.7 29.0 
CC 2Y 3 33.8 4.4 88.22 1.32 2.20 42.2 21.3 
CC 2Y 4 35.8 4.6 89.37 1.24 2.15 24.6 85.6 
NC 2Y 1 35.8 4.6 87.56 1.30 2.46 15.0 38.2 
NC 2Y 2 31.1 4.2 88.48 1.49 3.02 11.7 12.6 
NC 2Y 3 32.8 4.1 89.06 1.35 2.28 3.5 27.6 
NC 2Y 4 31.6 4.2 89.55 1.38 3.56 17.6 22.8 
CC 4Y 1 43.1 5.4 93.09 1.24 2.66 59.8 355.4 
CC 4Y 2 45.7 5.6 95.13 1.27 2.57 94.6 255.3 
CC 4Y 3 42.7 5.2 92.20 1.20 2.41 167.9 305.3 
CC 4Y 4 41.0 5.2 94.73 1.16 2.61 205.6 155.2 
NC 4Y 1 35.0 4.6 90.12 1.37 3.04 55.3 96.9 
NC 4Y 2 32.4 4.7 92.46 1.31 2.53 38.7 101.7 
NC 4Y 3 39.3 4.8 91.91 1.30 3.11 70.6 106.6 





A4. Laboratory measurements of total number of pores (pores, macropores, and coarse mesopores) and total porosity (porosity, 
macroporosity, and coarse mesoporosity) measured by computed tomography under corn-soybean (2Y) and corn-soybean-oat-winter 
wheat (4Y) rotations managed with (CC) and without cover crop (NC) under no-till system at 0- to 7.5-cm depth. Note: rep stands for 
replication. 
Cover Rotation Rep Pores Macropores Coarse Porosity 
type     mesopores Porosity Macroporosity Mesoporosity 
      -------------------- m3 m-3 ------------- 
CC 2Y 1 8103 2287 5816 0.0160 0.0122 0.0038 
CC 2Y 2 9249 2616 6633 0.0156 0.0113 0.0043 
CC 2Y 3 4776 2015 2761 0.0164 0.0145 0.0019 
CC 2Y 4 5792 1816 3976 0.0110 0.0084 0.0026 
NC 2Y 1 5981 2117 3864 0.0143 0.0117 0.0026 
NC 2Y 2 5380 1423 3957 0.0085 0.0060 0.0025 
NC 2Y 3 5681 1770 3911 0.0114 0.0089 0.0026 
NC 2Y 4 6893 2323 4570 0.0166 0.0136 0.0030 
CC 4Y 1 13126 4112 9014 0.0278 0.0218 0.0060 
CC 4Y 2 12987 3348 9639 0.0208 0.0145 0.0063 
CC 4Y 3 10215 3665 6550 0.0271 0.0226 0.0045 
CC 4Y 4 15412 4558 10854 0.0282 0.0209 0.0073 
NC 4Y 1 11667 3572 8095 0.0200 0.0136 0.0064 
NC 4Y 2 7235 1768 5467 0.0119 0.0084 0.0035 
NC 4Y 3 9842 2670 7172 0.0123 0.0078 0.0045 





A5. Soil water content as a function of soil water pressure (0.0 to −30 kPa) under corn-soybean (2Y) and corn-soybean-oat-winter 
wheat (4Y) rotations managed with (CC) and without cover crop (NC) under no-till system at 0- to 7.5-cm depth. Note: rep stands for 
replication. 
Cover Rotation Rep Soil water pressure (kPa) 
type   0.0 -0.4 -1.0 -2.5 -5.0 -10.0 -20.0 -30.0 
   ---------------------------------------------------------- m3 m-3 -------------------------------------------- 
CC 2Y 1 0.51 0.50 0.49 0.44 0.44 0.42 0.42 0.41 
CC 2Y 2 0.50 0.49 0.48 0.44 0.44 0.42 0.42 0.41 
CC 2Y 3 0.48 0.47 0.46 0.45 0.44 0.44 0.43 0.43 
CC 2Y 4 0.48 0.48 0.48 0.45 0.45 0.43 0.42 0.42 
NC 2Y 1 0.44 0.43 0.41 0.37 0.36 0.34 0.33 0.32 
NC 2Y 2 0.42 0.41 0.41 0.37 0.37 0.34 0.33 0.33 
NC 2Y 3 0.46 0.45 0.41 0.37 0.36 0.34 0.32 0.31 
NC 2Y 4 0.44 0.43 0.41 0.37 0.36 0.34 0.33 0.32 
CC 4Y 1 0.55 0.55 0.54 0.48 0.48 0.43 0.43 0.42 
CC 4Y 2 0.55 0.55 0.55 0.51 0.51 0.49 0.49 0.48 
CC 4Y 3 0.50 0.49 0.48 0.44 0.44 0.42 0.41 0.41 
CC 4Y 4 0.53 0.53 0.52 0.48 0.48 0.45 0.44 0.44 
NC 4Y 1 0.48 0.47 0.46 0.43 0.43 0.41 0.41 0.40 
NC 4Y 2 0.44 0.43 0.43 0.40 0.40 0.38 0.37 0.36 
NC 4Y 3 0.46 0.46 0.46 0.44 0.44 0.43 0.42 0.42 





A6. Soil temperature, volumetric soil water content and surface greenhouse gas fluxes under corn-soybean (2Y) and corn-soybean-oat-
winter wheat (4Y) rotations managed with (CC) and without cover crop (NC) under no-till system during 2017 and 2018 growing 
seasons of corn and soybeans, respectively.  
Date Cover Rotation Replication Temperature Moisture CO2 CH4 N2O 
 type   ˚C % kg ha−1 d−1 g ha−1 d−1 g ha−1 d−1 
6/30/2017 CC 2Y 1 23.60 35.05 59.79 -18.84 92.10 
6/30/2017 NC 2Y 1 22.10 33.30 53.40 -5.09 93.12 
6/30/2017 CC 4Y 1 21.35 32.80 47.88 28.17 35.27 
6/30/2017 NC 4Y 1 19.70 38.30 27.89 -17.50 48.64 
6/30/2017 CC 4Y 2 20.40 36.80 86.00 -32.53 84.42 
6/30/2017 NC 4Y 2 21.25 31.10 43.61 13.40 56.59 
6/30/2017 CC 2Y 2 26.15 26.45 43.01 26.30 65.60 
6/30/2017 NC 2Y 2 27.25 27.70 45.81 23.55 27.40 
6/30/2017 CC 4Y 3 21.70 30.70 68.48 -9.18 37.05 
6/30/2017 NC 4Y 3 22.80 33.05 43.41 -8.64 42.61 
6/30/2017 CC 2Y 3 21.70 30.85 69.40 -2.47 79.60 
6/30/2017 NC 2Y 3 22.70 36.80 58.14 2.92 4.00 
6/30/2017 CC 2Y 4 24.40 35.45 54.40 -6.82 17.54 
6/30/2017 NC 2Y 4 22.60 35.50 36.94 -2.03 12.57 
6/30/2017 CC 4Y 4 23.20 36.10 64.25 -4.67 52.64 
6/30/2017 NC 4Y 4 21.95 31.50 37.05 -8.01 11.48 
7/10/2017 CC 2Y 1 29.20 36.60 74.89 -9.12 8.24 
7/10/2017 NC 2Y 1 26.50 39.00 20.32 22.49 4.96 
7/10/2017 CC 4Y 1 23.80 35.40 34.32 -8.65 2.80 
7/10/2017 NC 4Y 1 23.85 27.15 20.36 -4.10 12.91 
7/10/2017 CC 4Y 2 23.00 17.65 54.07 1.14 12.18 
7/10/2017 NC 4Y 2 23.60 20.35 69.04 0.47 8.21 
7/10/2017 CC 2Y 2 25.35 17.20 68.27 12.37 1.37 
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Date Cover Rotation Rep Temp Moisture CO2 CH4 N2O 
  type     ˚C % kg ha−1 d−1 g ha−1 d−1 g ha−1 d−1 
7/10/2017 NC 2Y 2 24.95 13.00 84.59 -14.21 1.39 
7/10/2017 CC 4Y 3 23.60 14.90 47.98 5.39 3.44 
7/10/2017 NC 4Y 3 24.80 15.10 42.93 18.56 27.37 
7/10/2017 CC 2Y 3 24.30 15.40 31.08 2.47 8.53 
7/10/2017 NC 2Y 3 24.90 17.85 35.49 25.81 2.73 
7/10/2017 CC 2Y 4 28.50 15.75 34.20 -15.70 16.47 
7/10/2017 NC 2Y 4 29.95 34.30 29.41 7.28 3.19 
7/10/2017 CC 4Y 4 25.30 31.05 91.23 8.94 2.25 
7/10/2017 NC 4Y 4 26.90 12.95 60.77 2.06 23.14 
7/17/2017 CC 2Y 1 34.15 9.55 90.54 -13.97 5.64 
7/17/2017 NC 2Y 1 33.90 11.65 84.62 1.63 7.14 
7/17/2017 CC 4Y 1 34.95 9.25 85.25 3.07 9.21 
7/17/2017 NC 4Y 1 32.00 13.75 71.41 7.77 9.06 
7/17/2017 CC 4Y 2 25.40 14.90 88.08 -9.88 22.54 
7/17/2017 NC 4Y 2 26.30 11.95 64.21 3.50 11.40 
7/17/2017 CC 2Y 2 33.15 8.80 78.40 5.23 5.05 
7/17/2017 NC 2Y 2 28.90 8.85 65.62 17.57 18.58 
7/17/2017 CC 4Y 3 18.20 17.10 82.76 13.90 22.23 
7/17/2017 NC 4Y 3 27.70 12.70 40.45 11.75 10.21 
7/17/2017 CC 2Y 3 26.00 9.20 51.74 19.41 13.73 
7/17/2017 NC 2Y 3 29.20 10.95 51.25 -10.95 14.69 
7/17/2017 CC 2Y 4 26.45 36.35 67.47 8.30 14.67 
7/17/2017 NC 2Y 4 27.15 32.20 59.52 0.59 12.98 
7/17/2017 CC 4Y 4 28.10 31.60 - - - 
7/17/2017 NC 4Y 4 24.45 32.25 21.10 -0.14 14.32 
7/28/2017 CC 2Y 1 22.70 19.60 77.86 -2.75 19.61 
7/28/2017 NC 2Y 1 22.60 20.55 86.51 -25.98 12.44 
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Date Cover Rotation Rep Temp Moisture CO2 CH4 N2O 
  type     ˚C % kg ha−1 d−1 g ha−1 d−1 g ha−1 d−1 
7/28/2017 CC 4Y 1 22.95 13.60 46.31 5.57 5.84 
7/28/2017 NC 4Y 1 22.05 17.85 61.07 -4.73 28.45 
7/28/2017 CC 4Y 2 22.60 25.00 79.94 -24.07 32.41 
7/28/2017 NC 4Y 2 22.65 17.95 42.09 -16.57 22.39 
7/28/2017 CC 4Y 3 22.95 15.15 101.27 16.35 10.40 
7/28/2017 NC 4Y 3 22.65 20.60 38.72 13.62 -4.49 
7/28/2017 CC 2Y 3 24.05 20.40 46.56 -13.70 12.22 
7/28/2017 NC 2Y 3 23.45 28.95 96.37 -7.15 20.14 
7/28/2017 CC 2Y 4 23.80 15.05 33.87 28.63 15.59 
7/28/2017 NC 2Y 4 23.60 21.50 54.03 -29.10 1.50 
7/28/2017 CC 4Y 4 22.85 16.40 29.44 -10.17 4.20 
7/28/2017 NC 4Y 4 24.35 17.70 32.30 -0.63 18.49 
7/31/2017 CC 2Y 1 20.45 19.05 82.69 6.44 15.08 
7/31/2017 NC 2Y 1 19.40 11.30 60.24 -26.00 3.16 
7/31/2017 CC 4Y 1 21.30 22.90 53.25 -14.07 6.46 
7/31/2017 NC 4Y 1 19.25 15.95 34.30 16.87 23.28 
7/31/2017 CC 4Y 2 19.90 21.85 86.43 4.90 22.81 
7/31/2017 NC 4Y 2 20.30 19.20 54.12 7.18 18.37 
7/31/2017 CC 2Y 2 26.25 18.65 75.05 26.88 27.37 
7/31/2017 NC 2Y 2 26.65 12.70 35.25 -17.74 11.06 
7/31/2017 CC 4Y 3 20.00 19.85 70.23 4.17 11.50 
7/31/2017 NC 4Y 3 20.30 13.20 49.64 -6.95 9.30 
7/31/2017 CC 2Y 3 20.45 20.95 35.10 -8.92 5.13 
7/31/2017 NC 2Y 3 22.15 23.15 63.72 27.61 20.59 
7/31/2017 CC 2Y 4 22.35 14.30 28.44 -1.51 7.46 
7/31/2017 NC 2Y 4 21.25 11.10 32.01 33.98 17.88 
7/31/2017 CC 4Y 4 20.60 11.70 24.50 3.87 6.08 
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Date Cover Rotation Rep Temp Moisture CO2 CH4 N2O 
  type     ˚C % kg ha−1 d−1 g ha−1 d−1 g ha−1 d−1 
7/31/2017 NC 4Y 4 23.55 19.05 34.35 4.58 6.41 
8/10/2017 CC 2Y 1 20.55 26.20 57.23 34.50 15.75 
8/10/2017 NC 2Y 1 19.40 17.30 72.68 12.37 33.01 
8/10/2017 CC 4Y 1 24.75 17.10 34.59 45.57 11.48 
8/10/2017 NC 4Y 1 19.70 22.65 26.40 39.37 8.25 
8/10/2017 CC 4Y 2 19.75 25.90 45.68 30.57 33.96 
8/10/2017 NC 4Y 2 19.55 21.20 65.41 7.91 19.16 
8/10/2017 CC 2Y 2 23.75 21.55 30.53 11.38 6.21 
8/10/2017 NC 2Y 2 21.90 21.60 54.86 48.82 30.99 
8/10/2017 CC 4Y 3 19.65 14.85 47.58 2.59 6.49 
8/10/2017 NC 4Y 3 20.35 15.00 41.10 10.87 21.71 
8/10/2017 NC 2Y 3 21.45 28.55 51.17 16.41 30.71 
8/10/2017 CC 2Y 4 20.75 18.05 43.80 15.19 11.71 
8/10/2017 NC 2Y 4 21.55 23.75 32.20 36.55 14.75 
8/10/2017 CC 4Y 4 20.05 17.35 31.69 24.11 22.21 
8/10/2017 NC 4Y 4 21.10 21.40 31.32 43.93 19.66 
8/17/2017 CC 2Y 1 20.25 25.95 77.38 -0.95 7.25 
8/17/2017 NC 2Y 1 19.25 21.45 90.95 -20.26 3.23 
8/17/2017 CC 4Y 1 21.20 31.50 35.96 29.09 13.22 
8/17/2017 NC 4Y 1 20.10 33.20 21.83 4.52 13.81 
8/17/2017 CC 4Y 2 19.75 29.70 81.76 19.84 18.86 
8/17/2017 NC 4Y 2 20.60 26.20 71.09 -14.15 7.79 
8/17/2017 CC 2Y 2 22.10 24.70 58.84 12.78 21.00 
8/17/2017 NC 2Y 2 22.15 26.75 55.75 -3.11 8.18 
8/17/2017 CC 4Y 3 19.45 21.00 67.65 24.07 4.23 
8/17/2017 NC 4Y 3 19.80 21.65 63.22 3.50 12.30 
8/17/2017 CC 2Y 3 20.05 29.50 58.23 -28.98 19.63 
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Date Cover Rotation Rep Temp Moisture CO2 CH4 N2O 
  type     ˚C % kg ha−1 d−1 g ha−1 d−1 g ha−1 d−1 
8/17/2017 NC 2Y 3 22.60 32.55 100.38 28.98 22.64 
8/17/2017 CC 2Y 4 21.00 25.30 43.96 -10.06 49.37 
8/17/2017 NC 2Y 4 20.60 26.90 46.84 -19.06 5.13 
8/17/2017 CC 4Y 4 20.75 25.45 34.82 17.61 9.11 
8/17/2017 NC 4Y 4 21.85 21.25 40.80 -22.20 5.10 
8/23/2017 CC 2Y 1 19.40 31.60 76.14 9.97 9.96 
8/23/2017 NC 2Y 1 19.00 28.25 52.10 5.18 12.48 
8/23/2017 CC 4Y 1 19.40 33.25 30.09 -11.19 7.52 
8/23/2017 NC 4Y 1 19.35 32.05 24.64 -19.94 23.05 
8/23/2017 CC 4Y 2 19.50 30.10 39.56 5.48 13.75 
8/23/2017 NC 4Y 2 19.15 31.10 28.16 -1.64 4.30 
8/23/2017 CC 2Y 2 23.15 23.50 28.33 15.05 13.87 
8/23/2017 NC 2Y 2 24.20 25.80 22.36 7.96 9.70 
8/23/2017 CC 4Y 3 20.00 22.85 47.10 0.75 22.49 
8/23/2017 NC 4Y 3 19.55 26.70 37.40 16.96 18.54 
8/23/2017 CC 2Y 3 20.25 27.65 53.20 -28.13 5.73 
8/23/2017 NC 2Y 3 21.10 33.45 67.56 -22.14 21.12 
8/23/2017 CC 2Y 4 20.25 31.05 37.42 18.16 21.13 
8/23/2017 NC 2Y 4 20.25 27.40 43.32 -28.17 8.10 
8/23/2017 CC 4Y 4 20.10 26.60 44.55 15.08 6.88 
8/23/2017 NC 4Y 4 21.40 27.05 52.12 0.72 19.88 
8/30/2017 CC 2Y 1 19.70 32.30 49.78 3.36 23.21 
8/30/2017 NC 2Y 1 19.45 23.35 27.53 -19.54 8.67 
8/30/2017 CC 4Y 1 20.15 23.30 33.85 6.10 6.22 
8/30/2017 NC 4Y 1 19.70 33.00 22.79 19.50 21.58 
8/30/2017 CC 4Y 2 19.65 27.30 38.86 3.26 20.48 
8/30/2017 NC 4Y 2 19.60 25.00 30.85 -3.50 11.30 
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Date Cover Rotation Rep Temp Moisture CO2 CH4 N2O 
  type     ˚C % kg ha−1 d−1 g ha−1 d−1 g ha−1 d−1 
8/30/2017 CC 2Y 2 24.00 19.60 30.51 33.27 10.60 
8/30/2017 NC 2Y 2 22.90 24.20 34.01 -6.08 19.80 
8/30/2017 CC 4Y 3 20.40 29.95 39.94 4.75 27.74 
8/30/2017 NC 4Y 3 19.60 23.55 24.25 5.38 3.59 
8/30/2017 CC 2Y 3 21.15 26.45 48.41 -23.30 8.76 
8/30/2017 NC 2Y 3 21.90 25.40 59.42 4.95 20.54 
8/30/2017 CC 2Y 4 20.30 25.10 57.20 10.84 5.41 
8/30/2017 NC 2Y 4 20.60 26.15 47.18 8.89 8.90 
8/30/2017 CC 4Y 4 20.65 23.70 28.13 7.24 9.83 
8/30/2017 NC 4Y 4 21.10 24.50 26.32 -17.51 6.09 
9/6/2017 CC 2Y 1 15.60 29.65 23.56 -16.73 3.75 
9/6/2017 NC 2Y 1 14.90 19.35 21.91 22.33 19.19 
9/6/2017 CC 4Y 1 15.90 22.30 47.21 -0.64 34.15 
9/6/2017 NC 4Y 1 15.75 29.95 23.42 5.53 17.21 
9/6/2017 CC 4Y 2 15.65 25.95 28.48 35.51 11.65 
9/6/2017 NC 4Y 2 16.05 20.35 18.86 24.97 15.22 
9/6/2017 CC 2Y 2 21.00 20.40 32.77 21.88 1.53 
9/6/2017 NC 2Y 2 21.15 20.00 19.16 2.41 4.29 
9/6/2017 CC 4Y 3 16.20 28.65 19.42 -34.77 1.76 
9/6/2017 NC 4Y 3 15.85 19.40 16.13 -9.35 31.86 
9/6/2017 CC 2Y 3 16.25 19.40 25.88 -27.11 13.72 
9/6/2017 NC 2Y 3 18.50 19.95 41.35 1.45 36.42 
9/6/2017 CC 2Y 4 16.30 23.00 27.21 21.42 15.33 
9/6/2017 NC 2Y 4 16.75 20.70 31.57 -25.97 2.11 
9/6/2017 CC 4Y 4 16.10 18.05 20.97 40.91 27.41 
9/6/2017 NC 4Y 4 17.90 20.75 40.00 -3.96 6.51 
9/13/2017 CC 2Y 1 19.95 30.30 38.04 22.49 7.67 
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Date Cover Rotation Rep Temp Moisture CO2 CH4 N2O 
  type     ˚C % kg ha−1 d−1 g ha−1 d−1 g ha−1 d−1 
9/13/2017 NC 2Y 1 19.50 25.25 36.84 14.37 28.97 
9/13/2017 CC 4Y 1 20.15 23.80 28.70 -8.84 6.46 
9/13/2017 NC 4Y 1 20.35 25.80 19.49 -4.35 15.96 
9/13/2017 CC 4Y 2 20.75 31.20 66.32 20.18 15.78 
9/13/2017 NC 4Y 2 19.35 24.15 23.00 -2.17 23.22 
9/13/2017 CC 2Y 2 23.90 24.75 51.30 17.07 30.50 
9/13/2017 NC 2Y 2 23.50 24.50 18.94 39.60 10.04 
9/13/2017 CC 4Y 3 20.40 22.35 53.98 -19.34 10.02 
9/13/2017 NC 4Y 3 20.05 27.15 24.78 16.02 7.50 
9/13/2017 CC 2Y 3 20.35 25.45 31.43 30.39 5.87 
9/13/2017 NC 2Y 3 21.35 25.80 34.89 -3.64 20.62 
9/13/2017 CC 2Y 4 21.00 25.95 50.12 -6.64 6.64 
9/13/2017 NC 2Y 4 21.10 28.10 40.12 -19.24 7.73 
9/13/2017 CC 4Y 4 20.10 27.80 35.30 35.81 10.71 
9/13/2017 NC 4Y 4 20.75 19.25 35.29 -8.76 10.19 
9/20/2017 CC 2Y 1 19.00 26.35 38.19 -16.21 24.89 
9/20/2017 NC 2Y 1 15.25 19.65 42.16 11.95 5.46 
9/20/2017 CC 4Y 1 18.50 33.35 30.50 -7.75 5.76 
9/20/2017 NC 4Y 1 17.95 33.80 13.46 30.34 11.58 
9/20/2017 CC 4Y 2 18.05 31.25 33.24 3.66 18.98 
9/20/2017 NC 4Y 2 18.50 28.15 29.68 -12.43 11.51 
9/20/2017 CC 2Y 2 21.65 26.65 23.77 -16.71 36.28 
9/20/2017 NC 2Y 2 21.55 29.95 41.25 -7.22 6.03 
9/20/2017 CC 4Y 3 18.10 26.90 59.37 12.48 13.00 
9/20/2017 NC 4Y 3 18.65 27.70 43.67 6.20 19.27 
9/20/2017 CC 2Y 3 18.10 25.05 28.19 23.91 14.92 
9/20/2017 NC 2Y 3 21.55 30.75 53.30 10.14 36.80 
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Date Cover Rotation Rep Temp Moisture CO2 CH4 N2O 
  type     ˚C % kg ha−1 d−1 g ha−1 d−1 g ha−1 d−1 
9/20/2017 CC 2Y 4 18.85 27.80 43.34 30.22 18.56 
9/20/2017 NC 2Y 4 18.95 28.45 34.23 12.90 29.22 
9/20/2017 CC 4Y 4 18.15 27.80 26.70 24.58 28.25 
9/20/2017 NC 4Y 4 20.10 20.50 37.58 19.35 - 
9/27/2017 CC 2Y 1 16.65 31.65 36.10 14.49 15.54 
9/27/2017 NC 2Y 1 15.15 34.25 33.26 16.38 24.95 
9/27/2017 CC 4Y 1 17.35 34.65 17.28 11.78 43.17 
9/27/2017 NC 4Y 1 15.85 37.90 12.53 11.08 15.04 
9/27/2017 CC 4Y 2 16.35 35.50 10.50 20.48 5.18 
9/27/2017 NC 4Y 2 15.65 35.05 17.47 19.85 11.78 
9/27/2017 CC 2Y 2 18.85 31.15 36.97 17.03 14.64 
9/27/2017 NC 2Y 2 20.00 32.10 36.62 4.41 24.27 
9/27/2017 CC 4Y 3 15.00 38.00 26.27 13.52 15.41 
9/27/2017 NC 4Y 3 15.80 31.90 29.72 14.45 15.29 
9/27/2017 CC 2Y 3 15.95 38.25 21.90 2.30 10.60 
9/27/2017 NC 2Y 3 17.90 36.15 35.30 -1.17 9.35 
9/27/2017 CC 2Y 4 16.60 33.40 39.55 -0.07 11.66 
9/27/2017 NC 2Y 4 16.55 34.00 15.76 11.33 18.87 
9/27/2017 CC 4Y 4 16.10 33.65 13.13 -3.26 45.41 
9/27/2017 NC 4Y 4 18.75 27.10 26.46 19.46 13.79 
10/11/2017 CC 2Y 1 8.25 35.30 24.04 7.72 21.88 
10/11/2017 NC 2Y 1 7.85 34.60 15.23 5.80 25.67 
10/11/2017 CC 4Y 1 9.20 35.35 17.02 8.56 11.35 
10/11/2017 NC 4Y 1 8.05 42.15 18.73 17.69 7.40 
10/11/2017 CC 4Y 2 8.90 40.35 14.30 2.03 20.81 
10/11/2017 NC 4Y 2 8.35 38.90 9.62 7.08 21.15 
10/11/2017 CC 2Y 2 9.45 32.75 14.79 -0.51 11.86 
237 
 
Date Cover Rotation Rep Temp Moisture CO2 CH4 N2O 
  type     ˚C % kg ha−1 d−1 g ha−1 d−1 g ha−1 d−1 
10/11/2017 NC 2Y 2 9.65 31.65 23.54 8.32 14.46 
10/11/2017 CC 4Y 3 9.00 37.20 22.33 18.42 30.53 
10/11/2017 NC 4Y 3 8.90 32.65 12.08 6.65 49.24 
10/11/2017 CC 2Y 3 9.00 38.25 17.36 13.68 5.18 
10/11/2017 NC 2Y 3 10.55 37.65 21.72 14.58 43.17 
10/11/2017 CC 2Y 4 8.80 41.80 17.03 10.12 - 
10/11/2017 NC 2Y 4 10.35 37.55 11.79 5.33 37.79 
10/11/2017 CC 4Y 4 9.15 35.30 10.76 -0.37 63.78 
10/11/2017 NC 4Y 4 11.25 30.65 14.17 12.48 50.77 
10/18/2017 CC 2Y 1 11.75 33.40 16.10 -33.56 4.53 
10/18/2017 NC 2Y 1 12.90 22.95 22.73 -18.25 15.24 
10/18/2017 CC 4Y 1 12.70 32.40 11.45 16.82 27.47 
10/18/2017 NC 4Y 1 12.70 35.45 9.33 -24.04 2.91 
10/18/2017 CC 4Y 2 11.75 33.10 16.82 -0.83 29.26 
10/18/2017 NC 4Y 2 11.85 33.35 16.12 5.75 24.96 
10/18/2017 CC 2Y 2 16.35 26.45 12.27 -10.29 3.47 
10/18/2017 NC 2Y 2 15.50 26.30 16.49 -17.22 15.87 
10/18/2017 CC 4Y 3 13.25 32.85 17.36 -6.21 10.76 
10/18/2017 NC 4Y 3 12.30 29.70 20.92 -6.42 9.95 
10/18/2017 CC 2Y 3 13.40 31.70 16.60 8.18 21.62 
10/18/2017 NC 2Y 3 13.70 31.70 9.84 1.78 27.87 
10/18/2017 CC 2Y 4 12.65 37.35 15.25 10.10 20.65 
10/18/2017 NC 2Y 4 13.15 36.75 14.56 -2.08 4.61 
10/18/2017 CC 4Y 4 12.55 31.95 12.27 17.75 8.38 
10/18/2017 NC 4Y 4 14.75 21.10 14.72 -3.01 6.31 
10/25/2017 CC 2Y 1 10.45 24.90 9.50 -4.47 23.02 
10/25/2017 NC 2Y 1 9.75 24.10 8.33 7.29 5.50 
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10/25/2017 CC 4Y 1 10.25 30.20 7.18 -9.02 9.13 
10/25/2017 NC 4Y 1 10.45 34.20 7.97 12.83 24.09 
10/25/2017 CC 4Y 2 9.00 33.25 16.11 -13.34 6.05 
10/25/2017 NC 4Y 2 10.10 29.00 5.16 -7.72 3.63 
10/25/2017 CC 2Y 2 13.50 17.40 7.21 20.05 12.72 
10/25/2017 NC 2Y 2 12.95 21.10 15.29 -8.37 22.51 
10/25/2017 CC 4Y 3 10.10 27.75 16.33 20.27 12.26 
10/25/2017 NC 4Y 3 10.10 26.05 8.14 -22.93 19.45 
10/25/2017 CC 2Y 3 9.95 25.30 13.55 -0.06 14.41 
10/25/2017 NC 2Y 3 10.50 31.75 13.97 -4.05 5.84 
10/25/2017 CC 2Y 4 11.00 36.60 17.38 -9.14 4.69 
10/25/2017 NC 2Y 4 10.05 37.40 18.83 14.09 5.16 
10/25/2017 CC 4Y 4 10.30 24.40 8.70 1.26 6.34 
10/25/2017 NC 4Y 4 11.00 29.05 11.49 15.81 8.63 
4/27/2018 CC 2Y 1 9.05 39.65 22.14 11.70 28.40 
4/27/2018 NC 2Y 1 9.85 33.70 6.98 -14.17 43.67 
4/27/2018 CC 4Y 1 10.50 57.50 16.84 18.52 33.83 
4/27/2018 NC 4Y 1 8.25 34.80 10.68 6.77 54.37 
4/27/2018 CC 4Y 2 9.50 37.80 31.07 6.99 54.56 
4/27/2018 NC 4Y 2 8.55 47.10 19.98 -10.54 18.50 
4/27/2018 CC 2Y 2 10.95 27.35 13.00 2.98 11.22 
4/27/2018 NC 2Y 2 14.30 31.00 20.94 - 24.48 
4/27/2018 CC 4Y 3 10.45 34.70 40.29 -15.64 21.09 
4/27/2018 NC 4Y 3 9.60 34.35 14.52 -13.69 8.85 
4/27/2018 CC 2Y 3 9.45 41.25 11.24 14.43 11.10 
4/27/2018 NC 2Y 3 9.20 32.80 14.38 -7.28 23.01 
4/27/2018 CC 2Y 4 11.10 38.40 8.60 25.61 10.94 
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4/27/2018 NC 2Y 4 10.35 36.85 14.65 -7.93 58.18 
4/27/2018 CC 4Y 4 9.15 35.40 9.20 10.42 27.37 
4/27/2018 NC 4Y 4 8.65 32.75 10.95 15.93 12.06 
5/2/2018 CC 2Y 1 12.65 40.90 26.79 -8.12 38.39 
5/2/2018 NC 2Y 1 12.10 39.60 9.20 16.11 23.11 
5/2/2018 CC 4Y 1 13.15 47.70 14.86 -6.96 42.92 
5/2/2018 NC 4Y 1 12.20 36.30 24.49 -2.34 - 
5/2/2018 CC 4Y 2 13.20 40.20 33.73 -10.96 90.83 
5/2/2018 NC 4Y 2 12.75 40.70 23.97 -8.74 88.94 
5/2/2018 CC 2Y 2 13.40 34.20 43.36 9.96 5.01 
5/2/2018 NC 2Y 2 14.05 34.90 25.66 11.67 17.34 
5/2/2018 CC 4Y 3 14.80 36.35 36.45 -10.23 29.41 
5/2/2018 NC 4Y 3 15.20 35.50 29.00 - 84.13 
5/2/2018 CC 2Y 3 14.60 49.00 13.16 -16.75 8.48 
5/2/2018 NC 2Y 3 15.85 36.10 14.52 13.87 10.13 
5/2/2018 CC 2Y 4 16.30 39.30 18.12 1.14 24.46 
5/2/2018 NC 2Y 4 16.05 40.20 15.25 12.12 87.66 
5/2/2018 CC 4Y 4 15.00 39.65 16.30 26.99 16.47 
5/2/2018 NC 4Y 4 13.30 40.65 14.72 -2.74 24.49 
5/4/2018 CC 2Y 1 14.55 37.95 37.69 -19.63 32.83 
5/4/2018 NC 2Y 1 13.35 41.55 20.18 18.34 60.15 
5/4/2018 CC 4Y 1 14.15 41.70 26.82 -8.95 68.44 
5/4/2018 NC 4Y 1 11.85 40.95 39.34 22.98 29.42 
5/4/2018 CC 4Y 2 13.65 39.10 30.64 -9.09 37.95 
5/4/2018 NC 4Y 2 13.45 39.95 31.75 17.19 71.65 
5/4/2018 CC 2Y 2 17.25 35.35 22.39 -19.53 20.25 
5/4/2018 NC 2Y 2 17.75 36.80 11.48 -22.43 12.72 
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5/4/2018 CC 4Y 3 15.90 37.35 42.00 -14.95 49.10 
5/4/2018 NC 4Y 3 14.25 45.20 27.46 -3.30 45.54 
5/4/2018 CC 2Y 3 14.95 37.75 20.18 -6.17 17.63 
5/4/2018 NC 2Y 3 15.55 37.60 27.82 7.18 10.18 
5/4/2018 CC 2Y 4 16.75 35.40 21.74 16.62 57.46 
5/4/2018 NC 2Y 4 17.75 41.45 24.55 -2.15 47.17 
5/4/2018 CC 4Y 4 13.80 34.20 37.41 -0.33 18.46 
5/4/2018 NC 4Y 4 12.25 53.40 34.11 -12.37 45.52 
5/10/2018 CC 2Y 1 14.15 27.45 10.32 15.46 17.50 
5/10/2018 NC 2Y 1 13.25 14.45 2.32 32.49 19.01 
5/10/2018 CC 4Y 1 13.30 29.05 8.84 43.79 10.11 
5/10/2018 NC 4Y 1 13.10 31.15 15.81 35.70 45.12 
5/10/2018 CC 4Y 2 13.25 32.40 18.67 53.38 26.30 
5/10/2018 NC 4Y 2 13.55 30.50 13.02 10.94 43.52 
5/10/2018 CC 2Y 2 15.35 28.75 10.26 15.61 10.65 
5/10/2018 NC 2Y 2 14.85 27.05 15.29 12.10 14.04 
5/10/2018 CC 4Y 3 13.55 30.50 19.03 48.89 30.41 
5/10/2018 NC 4Y 3 14.05 31.10 12.38 27.84 15.24 
5/10/2018 CC 2Y 3 13.50 29.65 12.69 2.88 15.64 
5/10/2018 NC 2Y 3 13.20 28.90 6.77 27.59 16.74 
5/10/2018 CC 2Y 4 13.55 36.75 5.38 22.85 22.40 
5/10/2018 NC 2Y 4 13.15 32.60 7.13 24.22 27.15 
5/10/2018 CC 4Y 4 13.70 29.55 10.08 12.08 15.83 
5/10/2018 NC 4Y 4 13.05 32.25 7.97 9.85 36.11 
5/14/2018 CC 2Y 1 14.80 37.95 20.81 0.57 48.85 
5/14/2018 NC 2Y 1 16.15 34.30 12.88 21.54 17.86 
5/14/2018 CC 4Y 1 15.30 36.20 18.06 29.61 42.47 
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5/14/2018 NC 4Y 2 15.20 37.90 11.73 5.08 10.34 
5/14/2018 CC 2Y 2 16.45 36.45 14.47 -4.74 2.15 
5/14/2018 NC 2Y 2 16.15 36.40 5.71 13.91 4.37 
5/14/2018 CC 4Y 3 15.90 35.80 21.63 21.81 7.56 
5/14/2018 NC 4Y 3 15.40 34.35 13.77 22.71 7.83 
5/14/2018 CC 2Y 3 14.75 34.15 12.44 -2.28 23.99 
5/14/2018 NC 2Y 3 14.80 35.10 16.92 -2.06 15.70 
5/14/2018 CC 2Y 4 15.30 37.40 15.14 -6.32 21.79 
5/14/2018 NC 2Y 4 16.45 39.30 14.91 2.74 45.31 
5/14/2018 CC 4Y 4 14.95 36.65 15.47 24.01 25.15 
5/14/2018 NC 4Y 4 14.40 31.40 11.35 -5.21 24.18 
5/24/2018 CC 2Y 1 18.60 26.20 11.65 6.51 54.92 
5/24/2018 NC 2Y 1 18.65 37.00 22.37 16.80 55.76 
5/24/2018 CC 4Y 1 17.40 36.05 17.00 1.38 49.37 
5/24/2018 NC 4Y 1 18.40 35.00 19.49 -24.56 13.48 
5/24/2018 CC 4Y 2 18.20 37.05 14.93 14.45 40.96 
5/24/2018 NC 4Y 2 18.40 40.55 13.04 -34.89 6.47 
5/24/2018 CC 2Y 2 20.30 26.25 6.94 3.04 40.17 
5/24/2018 NC 2Y 2 20.45 35.55 7.93 17.07 8.89 
5/24/2018 CC 4Y 3 18.85 31.80 11.77 9.66 52.38 
5/24/2018 NC 4Y 3 19.15 37.40 8.25 1.50 78.93 
5/24/2018 CC 2Y 3 19.45 37.75 23.13 -34.83 9.37 
5/24/2018 NC 2Y 3 19.20 35.75 20.99 -16.26 16.96 
5/24/2018 CC 2Y 4 20.25 42.20 8.22 -21.52 43.54 
5/24/2018 NC 2Y 4 19.50 40.55 10.01 -8.75 8.04 
5/24/2018 CC 4Y 4 19.10 35.50 7.31 -19.01 73.36 
5/24/2018 NC 4Y 4 18.80 37.15 13.47 23.83 11.26 
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6/1/2018 CC 2Y 1 20.65 25.65 17.72 10.68 10.26 
6/1/2018 NC 2Y 1 21.50 19.35 6.99 17.52 33.66 
6/1/2018 CC 4Y 1 20.15 26.50 10.98 -0.95 14.15 
6/1/2018 NC 4Y 1 20.05 25.20 12.47 -5.16 53.86 
6/1/2018 CC 4Y 2 20.40 24.25 10.02 -26.50 25.30 
6/1/2018 NC 4Y 2 21.00 34.90 6.96 5.01 7.70 
6/1/2018 CC 2Y 2 24.45 22.80 21.27 -11.26 62.21 
6/1/2018 NC 2Y 2 23.55 30.20 8.46 10.96 29.06 
6/1/2018 CC 4Y 3 22.30 29.95 3.38 -9.11 32.73 
6/1/2018 NC 4Y 3 24.95 22.95 4.64 -13.79 28.80 
6/1/2018 CC 2Y 3 20.90 30.50 11.88 10.73 25.54 
6/1/2018 NC 2Y 3 23.40 25.15 18.21 -18.17 18.76 
6/1/2018 CC 2Y 4 21.00 35.50 1.39 -22.44 8.78 
6/1/2018 NC 2Y 4 21.45 36.05 23.95 1.25 46.07 
6/1/2018 CC 4Y 4 21.05 23.40 1.42 10.25 15.03 
6/1/2018 NC 4Y 4 21.40 27.60 21.54 -6.04 37.39 
6/6/2018 CC 2Y 1 27.20 29.65 40.23 18.94 53.21 
6/6/2018 NC 2Y 1 25.50 27.40 26.79 -0.43 25.60 
6/6/2018 CC 4Y 1 26.60 27.00 8.55 20.60 1.74 
6/6/2018 NC 4Y 1 26.65 22.45 24.35 10.52 5.95 
6/6/2018 CC 4Y 2 23.40 39.30 17.86 8.21 55.26 
6/6/2018 NC 4Y 2 30.05 33.45 24.99 23.10 31.60 
6/6/2018 CC 2Y 2 33.50 26.70 22.43 -2.20 6.24 
6/6/2018 NC 2Y 2 33.55 27.10 14.60 -3.57 11.64 
6/6/2018 CC 4Y 3 28.05 29.00 16.55 -6.05 15.93 
6/6/2018 NC 4Y 3 34.00 24.65 6.96 12.69 38.14 
6/6/2018 CC 2Y 3 24.95 29.20 29.75 -5.77 30.03 
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6/6/2018 NC 2Y 3 25.95 29.30 27.54 22.45 27.62 
6/6/2018 CC 2Y 4 29.30 33.70 27.12 11.19 45.36 
6/6/2018 NC 2Y 4 29.75 30.25 49.43 24.33 51.50 
6/6/2018 CC 4Y 4 28.35 29.45 35.16 -3.75 40.78 
6/6/2018 NC 4Y 4 29.25 28.95 44.14 5.40 2.06 
6/15/2018 CC 2Y 1 31.05 25.70 42.87 50.36 14.37 
6/15/2018 NC 2Y 1 30.05 19.40 34.34 11.08 5.96 
6/15/2018 CC 4Y 1 27.40 15.90 41.67 33.76 70.13 
6/15/2018 NC 4Y 1 26.15 27.90 15.90 65.63 24.35 
6/15/2018 CC 4Y 2 29.70 32.35 28.82 19.81 48.02 
6/15/2018 NC 4Y 2 31.60 26.85 34.43 6.10 83.93 
6/15/2018 CC 2Y 2 28.65 30.10 36.55 8.47 67.76 
6/15/2018 NC 2Y 2 30.30 32.20 24.43 20.21 16.24 
6/15/2018 CC 4Y 3 28.85 33.10 7.49 66.93 34.04 
6/15/2018 NC 4Y 3 32.65 19.35 22.88 67.32 67.79 
6/15/2018 CC 2Y 3 26.90 30.35 10.89 23.06 9.64 
6/15/2018 NC 2Y 3 29.75 30.45 24.35 9.22 13.22 
6/15/2018 CC 2Y 4 30.00 32.95 49.45 18.79 58.44 
6/15/2018 NC 2Y 4 27.95 35.20 50.48 8.38 57.69 
6/15/2018 CC 4Y 4 29.55 23.55 48.29 12.66 30.87 
6/15/2018 NC 4Y 4 33.25 24.75 33.21 9.35 6.03 
6/29/2018 CC 2Y 1 22.55 37.85 73.15 -4.12 90.10 
6/29/2018 NC 2Y 1 22.55 36.00 35.98 -14.36 18.71 
6/29/2018 CC 4Y 1 22.35 38.20 56.06 9.38 57.60 
6/29/2018 NC 4Y 1 22.00 38.75 86.07 8.56 45.27 
6/29/2018 CC 4Y 2 22.10 37.25 42.54 7.13 47.30 
6/29/2018 NC 4Y 2 22.50 40.20 63.48 10.93 - 
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6/29/2018 CC 2Y 2 22.85 35.75 23.67 -5.94 59.90 
6/29/2018 NC 2Y 2 23.05 35.15 36.48 10.33 72.79 
6/29/2018 CC 4Y 3 22.45 35.95 85.84 -7.61 44.24 
6/29/2018 NC 4Y 3 23.35 32.80 23.20 -2.75 86.85 
6/29/2018 CC 2Y 3 23.70 37.25 57.56 -15.91 19.02 
6/29/2018 NC 2Y 3 23.40 35.50 55.73 11.36 18.45 
6/29/2018 CC 2Y 4 23.95 41.40 47.77 7.58 94.02 
6/29/2018 NC 2Y 4 23.30 38.90 75.92 -5.57 25.54 
6/29/2018 CC 4Y 4 22.60 34.45 35.27 -4.99 12.68 
6/29/2018 NC 4Y 4 23.35 38.35 38.51 3.76 28.28 
7/8/2018 CC 2Y 1 30.40 27.30 127.37 4.48 62.60 
7/8/2018 NC 2Y 1 29.90 14.75 127.82 -30.81 8.90 
7/8/2018 CC 4Y 1 29.20 23.00 89.40 -26.34 23.52 
7/8/2018 NC 4Y 1 27.50 32.45 105.39 21.13 3.10 
7/8/2018 CC 4Y 2 27.40 36.65 87.20 11.82 103.81 
7/8/2018 NC 4Y 2 29.45 32.15 52.93 13.52 104.55 
7/8/2018 CC 2Y 2 29.55 20.95 52.85 36.82 17.63 
7/8/2018 NC 2Y 2 28.65 21.05 131.64 -6.78 69.62 
7/8/2018 CC 4Y 3 29.45 19.05 64.01 -32.82 93.32 
7/8/2018 NC 4Y 3 28.45 19.75 127.22 34.18 101.35 
7/8/2018 CC 2Y 3 30.05 26.50 95.19 -6.22 15.82 
7/8/2018 NC 2Y 3 29.35 16.80 38.51 14.63 32.80 
7/8/2018 CC 2Y 4 30.85 36.35 70.50 25.27 60.38 
7/8/2018 NC 2Y 4 28.60 37.05 127.35 13.59 104.06 
7/8/2018 CC 4Y 4 26.70 17.70 138.91 -24.14 4.08 
7/8/2018 NC 4Y 4 29.70 27.85 107.94 15.65 29.06 
7/10/2018 CC 2Y 1 28.50 26.15 142.44 -22.05 136.39 
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7/10/2018 NC 2Y 1 26.70 13.10 160.94 4.99 30.86 
7/10/2018 CC 4Y 1 28.05 11.10 72.21 -23.41 27.57 
7/10/2018 NC 4Y 1 29.85 13.90 86.88 -19.99 45.34 
7/10/2018 CC 4Y 2 27.40 29.00 83.00 -16.81 40.29 
7/10/2018 NC 4Y 2 29.55 33.00 70.57 -17.99 116.04 
7/10/2018 CC 2Y 2 36.20 15.20 89.53 2.66 15.82 
7/10/2018 NC 2Y 2 28.50 13.05 77.62 -16.04 121.19 
7/10/2018 CC 4Y 3 31.50 12.70 127.24 -27.33 57.90 
7/10/2018 NC 4Y 3 35.40 14.50 125.68 6.21 125.29 
7/10/2018 CC 2Y 3 29.90 11.45 105.19 7.13 110.12 
7/10/2018 NC 2Y 3 30.20 11.30 90.14 9.41 117.66 
7/10/2018 CC 2Y 4 31.15 30.60 155.61 -2.39 133.98 
7/10/2018 NC 2Y 4 29.20 25.40 128.63 -12.10 52.03 
7/10/2018 CC 4Y 4 29.65 15.65 113.10 -23.17 3.49 
7/10/2018 NC 4Y 4 29.15 17.00 63.38 -4.49 12.08 
7/14/2018 CC 2Y 1 29.15 32.60 121.14 32.98 21.00 
7/14/2018 NC 2Y 1 28.60 37.05 117.31 -1.06 52.12 
7/14/2018 CC 4Y 1 27.15 31.80 58.57 -14.50 13.06 
7/14/2018 NC 4Y 1 27.70 31.95 145.43 7.52 46.35 
7/14/2018 CC 4Y 2 29.85 33.00 134.92 13.15 52.79 
7/14/2018 NC 4Y 2 28.45 34.45 66.68 5.74 55.37 
7/14/2018 CC 2Y 2 26.65 34.10 38.78 -21.37 4.84 
7/14/2018 NC 2Y 2 26.75 31.65 144.12 -22.93 11.13 
7/14/2018 CC 4Y 3 27.25 32.80 83.92 -2.57 26.56 
7/14/2018 NC 4Y 3 28.55 30.05 91.18 -2.19 6.71 
7/14/2018 CC 2Y 3 28.05 31.20 72.59 -15.84 10.94 
7/14/2018 NC 2Y 3 28.55 31.65 86.63 -8.13 14.17 
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7/14/2018 CC 2Y 4 22.25 35.10 41.78 38.53 11.19 
7/14/2018 NC 2Y 4 27.85 34.15 113.46 16.62 56.56 
7/14/2018 CC 4Y 4 26.90 31.35 75.13 -20.75 26.96 
7/14/2018 NC 4Y 4 27.45 29.40 64.23 -15.86 6.10 
7/19/2018 CC 2Y 1 23.90 23.65 75.55 21.83 9.22 
7/19/2018 NC 2Y 1 23.85 21.95 64.61 -9.74 20.83 
7/19/2018 CC 4Y 1 22.65 20.15 75.66 -11.29 4.86 
7/19/2018 NC 4Y 1 23.90 16.20 72.90 -25.14 28.95 
7/19/2018 CC 4Y 2 24.95 27.95 85.96 22.24 32.96 
7/19/2018 NC 4Y 2 24.75 22.00 46.58 -9.39 11.75 
7/19/2018 CC 2Y 2 23.70 24.20 52.86 -21.07 4.96 
7/19/2018 NC 2Y 2 24.05 24.35 84.25 0.58 5.87 
7/19/2018 CC 4Y 3 24.15 19.70 80.83 -6.19 5.24 
7/19/2018 NC 4Y 3 23.75 21.50 63.51 1.05 9.91 
7/19/2018 CC 2Y 3 23.70 20.10 61.00 -23.64 24.84 
7/19/2018 NC 2Y 3 23.85 18.85 73.69 -14.56 14.34 
7/19/2018 CC 2Y 4 26.40 30.05 41.01 17.94 - 
7/19/2018 NC 2Y 4 24.25 24.40 70.23 -1.11 6.21 
7/19/2018 CC 4Y 4 23.75 23.35 30.83 -5.75 32.99 
7/19/2018 NC 4Y 4 23.50 28.65 78.16 24.32 4.82 
7/25/2018 CC 2Y 1 32.70 8.90 77.18 5.13 21.87 
7/25/2018 NC 2Y 1 34.30 12.50 89.14 -46.14 30.77 
7/25/2018 CC 4Y 1 33.70 17.80 83.92 -52.75 1.95 
7/25/2018 NC 4Y 1 32.70 16.20 80.09 -40.06 18.10 
7/25/2018 CC 4Y 2 29.00 25.30 59.95 -1.72 6.09 
7/25/2018 NC 4Y 2 37.20 13.90 26.52 -8.22 2.82 
7/25/2018 CC 2Y 2 34.70 13.20 14.95 -14.62 19.47 
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7/25/2018 NC 2Y 2 27.90 14.90 78.40 -43.17 7.22 
7/25/2018 CC 4Y 3 23.50 14.40 98.02 -96.47 1.95 
7/25/2018 NC 4Y 3 35.30 9.30 74.76 -73.95 8.58 
7/25/2018 CC 2Y 3 34.00 14.10 24.58 -6.21 31.01 
7/25/2018 NC 2Y 3 35.50 14.70 57.49 -48.73 5.28 
7/25/2018 CC 2Y 4 28.80 18.30 59.35 -29.35 17.20 
7/25/2018 NC 2Y 4 36.50 16.30 63.13 -39.94 17.57 
7/25/2018 CC 4Y 4 32.90 14.50 42.38 -94.75 24.19 
7/25/2018 NC 4Y 4 23.60 14.70 44.74 -39.63 1.83 
7/30/2018 CC 2Y 1 25.50 8.10 67.31 26.74 2.51 
7/30/2018 NC 2Y 1 22.50 3.50 71.59 63.75 29.34 
7/30/2018 CC 4Y 1 22.40 12.15 74.56 -32.16 15.02 
7/30/2018 NC 4Y 1 22.70 10.25 73.00 11.73 3.07 
7/30/2018 CC 4Y 2 27.10 12.20 57.88 -15.38 6.00 
7/30/2018 NC 4Y 2 26.55 20.50 35.18 -3.31 19.14 
7/30/2018 CC 2Y 2 24.70 14.70 31.02 -45.59 7.47 
7/30/2018 NC 2Y 2 26.95 15.25 56.50 -6.12 11.29 
7/30/2018 CC 4Y 3 23.35 8.85 60.68 -46.76 10.07 
7/30/2018 NC 4Y 3 22.55 13.80 68.83 39.12 17.92 
7/30/2018 CC 2Y 3 22.20 13.55 73.48 53.42 17.74 
7/30/2018 NC 2Y 3 25.30 14.55 61.52 24.89 13.31 
7/30/2018 CC 2Y 4 22.05 9.45 54.38 34.84 2.00 
7/30/2018 NC 2Y 4 23.50 6.95 63.36 24.45 16.23 
7/30/2018 CC 4Y 4 24.15 8.90 41.59 33.62 13.29 
7/30/2018 NC 4Y 4 24.40 11.65 45.51 59.14 13.50 
8/9/2018 CC 2Y 1 19.15 25.15 103.70 -9.46 12.24 
8/9/2018 NC 2Y 1 19.00 26.90 116.06 27.51 26.50 
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Date Cover Rotation Rep Temp Moisture CO2 CH4 N2O 
  type     ˚C % kg ha−1 d−1 g ha−1 d−1 g ha−1 d−1 
8/9/2018 CC 4Y 1 19.15 25.40 137.74 -7.38 53.52 
8/9/2018 NC 4Y 1 19.15 23.20 111.12 10.46 54.49 
8/9/2018 CC 4Y 2 21.20 28.90 131.31 -1.33 26.90 
8/9/2018 NC 4Y 2 21.20 28.40 112.42 -8.25 23.92 
8/9/2018 CC 2Y 2 23.35 24.40 65.27 21.47 31.41 
8/9/2018 NC 2Y 2 18.70 24.05 87.56 5.90 9.86 
8/9/2018 CC 4Y 3 19.15 24.95 103.43 -4.78 20.53 
8/9/2018 NC 4Y 3 20.80 23.20 72.51 22.07 28.10 
8/9/2018 CC 2Y 3 20.15 21.75 69.43 10.05 10.71 
8/9/2018 NC 2Y 3 19.15 20.50 61.53 15.09 28.62 
8/9/2018 CC 2Y 4 19.50 22.30 71.23 14.76 10.01 
8/9/2018 NC 2Y 4 19.90 29.35 141.17 28.75 48.56 
8/9/2018 CC 4Y 4 19.85 23.55 67.39 -8.11 25.23 
8/9/2018 NC 4Y 4 19.15 21.10 60.19 0.35 37.83 
8/14/2018 CC 2Y 1 25.95 15.05 102.28 9.38 15.72 
8/14/2018 NC 2Y 1 24.40 29.75 127.57 -13.75 5.62 
8/14/2018 CC 4Y 1 23.85 16.80 87.36 6.96 53.87 
8/14/2018 NC 4Y 1 24.00 20.80 52.52 2.76 14.84 
8/14/2018 CC 4Y 2 29.40 19.90 128.61 27.48 6.05 
8/14/2018 NC 4Y 2 26.50 18.20 77.60 -14.70 9.16 
8/14/2018 CC 2Y 2 25.00 23.25 57.89 27.74 4.54 
8/14/2018 NC 2Y 2 25.80 21.80 53.95 12.55 34.86 
8/14/2018 CC 4Y 3 24.50 13.80 97.39 -17.55 27.44 
8/14/2018 NC 4Y 3 26.20 25.00 75.34 -4.31 59.44 
8/14/2018 CC 2Y 3 24.30 18.75 121.93 8.87 50.27 
8/14/2018 NC 2Y 3 25.50 14.75 71.27 -9.09 18.27 
8/14/2018 CC 2Y 4 26.10 16.00 127.82 -3.48 9.79 
249 
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  type     ˚C % kg ha−1 d−1 g ha−1 d−1 g ha−1 d−1 
8/14/2018 NC 2Y 4 28.60 11.70 129.89 8.95 18.61 
8/14/2018 CC 4Y 4 25.00 21.55 84.00 34.53 11.09 
8/14/2018 NC 4Y 4 23.90 15.30 52.83 14.46 11.43 
8/22/2018 CC 2Y 1 20.05 30.80 72.11 2.40 4.43 
8/22/2018 NC 2Y 1 19.95 25.55 100.63 -6.73 41.80 
8/22/2018 CC 4Y 1 19.45 27.65 99.67 12.37 48.56 
8/22/2018 NC 4Y 1 20.75 26.85 39.19 4.38 19.74 
8/22/2018 CC 4Y 2 21.15 32.10 49.25 -5.76 31.75 
8/22/2018 NC 4Y 2 20.30 31.50 89.19 19.28 12.07 
8/22/2018 CC 2Y 2 20.75 31.70 78.55 -21.32 12.91 
8/22/2018 NC 2Y 2 19.10 30.45 62.30 4.88 45.57 
8/22/2018 CC 4Y 3 18.60 30.05 49.32 -9.68 2.43 
8/22/2018 NC 4Y 3 19.30 26.75 35.70 11.67 25.09 
8/22/2018 CC 2Y 3 19.25 25.20 37.94 -9.50 39.79 
8/22/2018 NC 2Y 3 20.90 30.25 57.37 -3.08 34.45 
8/22/2018 CC 2Y 4 19.50 27.75 47.44 7.56 12.31 
8/22/2018 NC 2Y 4 20.55 28.90 68.94 28.62 44.42 
8/22/2018 CC 4Y 4 19.35 27.50 63.35 13.52 10.77 
8/22/2018 NC 4Y 4 20.00 26.75 26.66 5.91 15.03 
9/8/2018 CC 2Y 1 22.90 28.50 18.40 9.77 44.38 
9/8/2018 NC 2Y 1 22.15 34.35 53.23 -40.54 45.82 
9/8/2018 CC 4Y 1 22.10 27.90 21.73 -46.77 45.64 
9/8/2018 NC 4Y 1 22.60 27.90 21.86 9.40 19.99 
9/8/2018 CC 4Y 2 23.75 28.20 40.22 27.88 49.23 
9/8/2018 NC 4Y 2 23.85 34.30 41.19 23.60 41.28 
9/8/2018 CC 2Y 2 23.60 28.35 27.02 -39.87 45.78 
9/8/2018 NC 2Y 2 24.35 31.85 37.94 -33.30 77.78 
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  type     ˚C % kg ha−1 d−1 g ha−1 d−1 g ha−1 d−1 
9/8/2018 CC 4Y 3 22.30 27.40 26.42 -34.00 52.41 
9/8/2018 NC 4Y 3 23.40 24.40 10.41 17.97 14.42 
9/8/2018 CC 2Y 3 22.00 32.85 13.27 0.04 31.32 
9/8/2018 NC 2Y 3 22.60 26.05 34.14 -38.01 12.99 
9/8/2018 CC 2Y 4 23.45 31.50 45.02 -37.57 13.45 
9/8/2018 NC 2Y 4 23.50 35.70 47.94 30.01 17.98 
9/8/2018 CC 4Y 4 22.20 28.55 50.58 35.88 30.59 
9/8/2018 NC 4Y 4 22.60 28.70 29.50 37.72 24.32 
9/10/2018 CC 2Y 1 18.15 22.35 23.20 -21.38 26.30 
9/10/2018 NC 2Y 1 18.05 18.90 - - 37.20 
9/10/2018 CC 4Y 1 18.25 21.90 25.98 -26.87 16.22 
9/10/2018 NC 4Y 1 17.90 21.30 19.20 -32.72 31.70 
9/10/2018 CC 4Y 2 18.95 26.80 11.31 -30.20 18.94 
9/10/2018 NC 4Y 2 18.15 24.95 10.21 -82.97 7.92 
9/10/2018 CC 2Y 2 18.45 24.85 17.29 -70.97 13.60 
9/10/2018 NC 2Y 2 17.50 20.30 28.94 -15.41 16.31 
9/10/2018 CC 4Y 3 18.65 20.70 24.23 -31.21 7.58 
9/10/2018 NC 4Y 3 18.65 18.85 11.31 -61.58 10.78 
9/10/2018 CC 2Y 3 18.85 18.50 17.29 -46.37 5.54 
9/10/2018 NC 2Y 3 18.60 16.30 13.26 -49.29 12.66 
9/10/2018 CC 2Y 4 18.50 25.70 16.76 -69.23 8.33 
9/10/2018 NC 2Y 4 18.90 18.40 20.69 -20.75 10.19 
9/10/2018 CC 4Y 4 17.90 26.65 26.88 -80.96 32.62 
9/10/2018 NC 4Y 4 18.50 19.45 29.29 -83.89 30.02 
9/17/2018 CC 2Y 1 25.35 11.75 21.95 -40.92 10.41 
9/17/2018 NC 2Y 1 23.85 9.50 48.24 32.03 33.46 
9/17/2018 CC 4Y 1 25.75 13.15 28.07 -42.80 62.22 
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  type     ˚C % kg ha−1 d−1 g ha−1 d−1 g ha−1 d−1 
9/17/2018 NC 4Y 1 22.90 20.10 43.98 7.74 53.45 
9/17/2018 CC 4Y 2 25.40 13.40 53.82 29.56 40.34 
9/17/2018 NC 4Y 2 24.35 21.85 - - - 
9/17/2018 CC 2Y 2 26.10 15.80 22.04 -45.54 51.15 
9/17/2018 NC 2Y 2 26.65 14.65 17.67 -28.32 5.74 
9/17/2018 CC 4Y 3 24.65 20.60 17.55 -7.94 5.32 
9/17/2018 NC 4Y 3 27.45 9.90 57.84 27.70 13.83 
9/17/2018 CC 2Y 3 24.15 12.95 18.91 49.62 22.58 
9/17/2018 NC 2Y 3 26.35 21.80 22.49 24.86 61.42 
9/17/2018 CC 2Y 4 25.10 14.40 20.60 10.24 23.66 
9/17/2018 NC 2Y 4 25.05 13.80 40.17 42.22 30.52 
9/17/2018 CC 4Y 4 24.20 15.05 48.75 7.64 13.43 
9/17/2018 NC 4Y 4 23.35 12.00 59.07 -24.38 12.95 
9/21/2018 CC 2Y 1 16.30 44.45 17.00 -9.64 85.47 
9/21/2018 NC 2Y 1 16.90 39.25 49.33 -52.60 85.31 
9/21/2018 CC 4Y 1 17.30 39.60 31.00 -26.91 63.72 
9/21/2018 NC 4Y 1 17.60 42.15 34.73 -31.68 59.55 
9/21/2018 CC 4Y 2 17.25 38.15 20.58 -8.55 61.64 
9/21/2018 NC 4Y 2 15.60 39.40 36.43 -52.84 81.29 
9/21/2018 CC 2Y 2 17.25 40.85 6.35 -30.54 63.82 
9/21/2018 NC 2Y 2 16.65 40.50 38.53 -26.93 108.58 
9/21/2018 CC 4Y 3 16.80 40.50 41.10 -25.77 94.81 
9/21/2018 NC 4Y 3 16.35 43.75 49.87 -30.75 58.49 
9/21/2018 CC 2Y 3 17.35 37.75 36.12 -28.46 118.52 
9/21/2018 NC 2Y 3 17.20 40.05 52.84 -30.30 94.62 
9/21/2018 CC 2Y 4 16.65 45.50 3.43 -40.91 54.62 
9/21/2018 NC 2Y 4 16.65 48.80 6.82 -24.78 34.50 
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  type     ˚C % kg ha−1 d−1 g ha−1 d−1 g ha−1 d−1 
9/21/2018 CC 4Y 4 16.75 36.25 40.48 -37.36 99.27 
9/21/2018 NC 4Y 4 17.05 38.20 26.30 -27.70 37.04 
9/24/2018 NC 2Y 1 17.35 34.30 47.31 39.15 80.12 
9/24/2018 CC 2Y 1 16.95 33.25 54.18 23.76 78.77 
9/24/2018 NC 4Y 1 17.15 35.95 35.70 11.79 48.95 
9/24/2018 CC 4Y 1 17.05 34.40 24.10 14.66 41.93 
9/24/2018 NC 4Y 2 17.25 35.25 22.26 24.30 13.95 
9/24/2018 CC 4Y 2 17.10 35.85 38.38 14.32 49.49 
9/24/2018 NC 2Y 2 17.25 38.45 22.68 36.60 78.74 
9/24/2018 CC 2Y 2 17.25 35.25 23.12 4.28 112.36 
9/24/2018 NC 4Y 3 17.15 31.85 27.68 34.59 101.18 
9/24/2018 CC 4Y 3 17.10 34.65 14.55 2.17 49.27 
9/24/2018 NC 2Y 3 17.45 32.80 19.26 28.85 107.44 
9/24/2018 CC 2Y 3 17.40 33.15 16.72 -3.20 80.70 
9/24/2018 NC 2Y 4 17.15 37.90 26.48 -24.22 97.89 
9/24/2018 CC 2Y 4 17.10 38.60 35.32 -39.72 78.60 
9/24/2018 NC 4Y 4 17.45 32.05 25.79 -34.54 19.95 
9/24/2018 CC 4Y 4 17.15 33.35 15.29 -6.47 29.97 
10/1/2018 CC 2Y 1 12.90 28.55 13.83 1.14 4.70 
10/1/2018 NC 2Y 1 13.05 27.50 31.18 -5.53 14.25 
10/1/2018 CC 4Y 1 12.95 25.50 17.60 3.76 13.86 
10/1/2018 NC 4Y 1 12.90 31.70 17.48 19.19 24.39 
10/1/2018 CC 4Y 2 12.70 24.65 28.17 -10.38 18.27 
10/1/2018 NC 4Y 2 12.70 26.45 18.53 15.90 11.96 
10/1/2018 CC 2Y 2 13.10 32.15 22.24 4.43 9.60 
10/1/2018 NC 2Y 2 12.40 31.45 12.07 -1.91 36.48 
10/1/2018 CC 4Y 3 13.00 25.15 14.56 -3.54 9.62 
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  type     ˚C % kg ha−1 d−1 g ha−1 d−1 g ha−1 d−1 
10/1/2018 NC 4Y 3 12.65 29.75 26.33 12.53 33.57 
10/1/2018 CC 2Y 3 13.40 27.40 24.81 -4.71 29.70 
10/1/2018 NC 2Y 3 12.95 24.70 31.44 11.31 24.09 
10/1/2018 CC 2Y 4 12.60 34.85 29.41 -7.05 37.75 
10/1/2018 NC 2Y 4 12.35 32.25 30.09 16.29 15.92 
10/1/2018 CC 4Y 4 12.90 31.70 12.94 2.64 13.71 
10/1/2018 NC 4Y 4 12.95 28.00 12.21 15.31 10.71 
5/14/2018 NC 4Y 1 13.85 36.40 22.75 - 41.23 





A6. Gross revenue, production costs, net returns, and benefit-cost ratio (BCR) for corn-soybean (2Y), corn–soybean–oats (3Y), and 
corn–soybean–oats – winter wheat (4Y) rotations with cover crops (CC) and no-cover crop (NC) under no-till (NT) and conventional-
till (CT) systems in the 2014 to 2018 growing seasons in the long-term cropping system study at Beresford, SD. Note: Rep stands for 
replication. 
Year Crop Tillage Rotation Cover Rep Revenue Cost Returns BCR 
 phase   type  --------------- $ ha-1 --------------  
2014 Soybean NT 2Y CC 1 1269 744 525 1.71 
2014 Soybean NT 2Y NC 1 1348 642 705 2.10 
2014 Corn NT 2Y NC 1 1254 1052 201 1.19 
2014 Corn NT 2Y CC 1 1429 1052 376 1.36 
2014 Soybean CT 2Y CC 1 1206 794 412 1.52 
2014 Soybean CT 2Y NC 1 1229 694 535 1.77 
2014 Corn CT 2Y NC 1 1392 1102 291 1.26 
2014 Corn CT 2Y CC 1 1461 1102 359 1.33 
2014 Corn CT 2Y NC 2 979 1102 -123 0.89 
2014 Corn CT 2Y CC 2 979 1102 -123 0.89 
2014 Soybean CT 2Y CC 2 1297 794 502 1.63 
2014 Soybean CT 2Y NC 2 1375 694 681 1.98 
2014 Corn NT 2Y CC 2 1137 1052 85 1.08 
2014 Corn NT 2Y NC 2 1137 1052 85 1.08 
2014 Soybean NT 2Y NC 2 1304 642 661 2.03 
2014 Soybean NT 2Y CC 2 1317 744 574 1.77 
2014 Soybean NT 2Y CC 3 1202 744 458 1.62 
2014 Corn NT 2Y NC 3 1429 1052 376 1.36 
2014 Corn NT 2Y CC 3 1429 1052 376 1.36 
2014 Soybean CT 2Y NC 3 1331 694 637 1.92 
2014 Soybean CT 2Y CC 3 1422 794 627 1.79 
2014 Corn CT 2Y NC 3 1425 1102 324 1.29 
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Year Crop Tillage Rotation Cover Rep Revenue Cost Returns BCR 
 phase   type  --------------- $ ha-1 --------------  
2014 Corn CT 2Y CC 3 1425 1102 324 1.29 
2014 Corn CT 2Y NC 4 1093 1102 -9 0.99 
2014 Corn CT 2Y CC 4 1093 1102 -9 0.99 
2014 Soybean CT 2Y CC 4 1229 794 435 1.55 
2014 Soybean CT 2Y NC 4 1385 694 691 2.00 
2014 Corn NT 2Y CC 4 1224 1052 172 1.16 
2014 Corn NT 2Y NC 4 1224 1052 172 1.16 
2014 Soybean NT 2Y NC 4 1232 642 590 1.92 
2014 Soybean NT 2Y CC 4 1320 744 576 1.77 
2015 Corn NT 2Y CC 1 1406 907 499 1.55 
2015 Corn NT 2Y NC 1 1406 907 499 1.55 
2015 Soybean NT 2Y NC 1 1410 502 908 2.81 
2015 Soybean NT 2Y CC 1 1568 603 965 2.60 
2015 Corn CT 2Y CC 1 1253 955 299 1.31 
2015 Corn CT 2Y NC 1 1253 955 299 1.31 
2015 Soybean CT 2Y NC 1 1304 552 752 2.36 
2015 Soybean CT 2Y CC 1 1355 654 701 2.07 
2015 Soybean CT 2Y NC 2 1220 552 667 2.21 
2015 Soybean CT 2Y CC 2 1342 654 688 2.05 
2015 Corn CT 2Y CC 2 1632 955 678 1.71 
2015 Corn CT 2Y NC 2 1632 955 678 1.71 
2015 Soybean NT 2Y CC 2 1315 603 711 2.18 
2015 Soybean NT 2Y NC 2 1374 502 872 2.74 
2015 Corn NT 2Y NC 2 1368 907 461 1.51 
2015 Corn NT 2Y CC 2 1368 907 461 1.51 
2015 Corn NT 2Y CC 3 1279 907 372 1.41 
2015 Corn NT 2Y NC 3 1279 907 372 1.41 
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Year Crop Tillage Rotation Cover Rep Revenue Cost Returns BCR 
 phase   type  --------------- $ ha-1 --------------  
2015 Soybean NT 2Y NC 3 1458 502 957 2.91 
2015 Soybean NT 2Y CC 3 1462 603 859 2.42 
2015 Corn CT 2Y NC 3 1319 955 365 1.38 
2015 Corn CT 2Y CC 3 1319 955 365 1.38 
2015 Soybean CT 2Y NC 3 1296 552 743 2.35 
2015 Soybean CT 2Y CC 3 1471 654 817 2.25 
2015 Soybean CT 2Y NC 4 1178 552 625 2.13 
2015 Soybean CT 2Y CC 4 1367 654 714 2.09 
2015 Corn CT 2Y CC 4 1420 955 465 1.49 
2015 Corn CT 2Y NC 4 1420 955 465 1.49 
2015 Soybean NT 2Y CC 4 1393 603 789 2.31 
2015 Soybean NT 2Y NC 4 1399 502 897 2.79 
2015 Corn NT 2Y NC 4 1400 907 493 1.54 
2015 Corn NT 2Y CC 4 1400 907 493 1.54 
2016 Soybean NT 2Y CC 1 1106 633 473 1.75 
2016 Soybean NT 2Y NC 1 1123 531 592 2.11 
2016 Corn NT 2Y NC 1 1760 1147 613 1.53 
2016 Corn NT 2Y CC 1 1592 1147 446 1.39 
2016 Soybean CT 2Y CC 1 651 684 -33 0.95 
2016 Soybean CT 2Y NC 1 667 582 85 1.15 
2016 Corn CT 2Y NC 1 1533 1196 337 1.28 
2016 Corn CT 2Y CC 1 1368 1196 172 1.14 
2016 Corn CT 2Y NC 2 1420 1196 224 1.19 
2016 Corn CT 2Y CC 2 1581 1196 385 1.32 
2016 Soybean CT 2Y CC 2 870 684 186 1.27 
2016 Soybean CT 2Y NC 2 1186 582 604 2.04 
2016 Corn NT 2Y CC 2 1522 1147 375 1.33 
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Year Crop Tillage Rotation Cover Rep Revenue Cost Returns BCR 
 phase   type  --------------- $ ha-1 --------------  
2016 Corn NT 2Y NC 2 1356 1147 209 1.18 
2016 Soybean NT 2Y CC 3 1310 633 678 2.07 
2016 Soybean NT 2Y NC 3 1364 531 833 2.57 
2016 Corn NT 2Y NC 3 1464 1147 317 1.28 
2016 Corn NT 2Y CC 3 1484 1147 338 1.29 
2016 Soybean CT 2Y NC 3 1206 582 624 2.07 
2016 Soybean CT 2Y CC 3 1141 684 458 1.67 
2016 Corn CT 2Y NC 3 1313 1196 117 1.10 
2016 Corn CT 2Y CC 3 1429 1196 233 1.19 
2016 Corn CT 2Y NC 4 1420 1196 224 1.19 
2016 Corn CT 2Y CC 4 1364 1196 168 1.14 
2016 Soybean CT 2Y CC 4 985 684 301 1.44 
2016 Soybean CT 2Y NC 4 1594 582 1012 2.74 
2016 Corn NT 2Y CC 4 1487 1147 340 1.30 
2016 Corn NT 2Y NC 4 1265 1147 118 1.10 
2016 Soybean NT 2Y NC 4 1205 531 674 2.27 
2016 Soybean NT 2Y CC 4 1204 633 571 1.90 
2017 Corn NT 2Y CC 1 1118 1032 86 1.08 
2017 Corn NT 2Y NC 1 1224 1032 192 1.19 
2017 Soybean NT 2Y NC 1 1328 656 672 2.02 
2017 Soybean NT 2Y CC 1 1279 758 521 1.69 
2017 Corn CT 2Y CC 1 1009 1081 -72 0.93 
2017 Corn CT 2Y NC 1 1209 1081 128 1.12 
2017 Soybean CT 2Y NC 1 895 707 188 1.27 
2017 Soybean CT 2Y CC 1 890 808 82 1.10 
2017 Soybean CT 2Y NC 2 1113 707 407 1.58 
2017 Soybean CT 2Y CC 2 1025 808 217 1.27 
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Year Crop Tillage Rotation Cover Rep Revenue Cost Returns BCR 
 phase   type  --------------- $ ha-1 --------------  
2017 Corn CT 2Y CC 2 1456 1081 375 1.35 
2017 Corn CT 2Y NC 2 1471 1081 390 1.36 
2017 Soybean NT 2Y CC 2 1297 758 539 1.71 
2017 Soybean NT 2Y NC 2 1259 656 603 1.92 
2017 Corn NT 2Y CC 3 1186 1032 154 1.15 
2017 Corn NT 2Y NC 3 1106 1032 74 1.07 
2017 Soybean NT 2Y NC 3 1297 656 641 1.98 
2017 Soybean NT 2Y CC 3 1352 758 594 1.78 
2017 Corn CT 2Y NC 3 1331 1081 250 1.23 
2017 Corn CT 2Y CC 3 1359 1081 278 1.26 
2017 Soybean CT 2Y NC 3 1230 707 524 1.74 
2017 Soybean CT 2Y CC 3 1089 808 281 1.35 
2017 Soybean CT 2Y NC 4 1224 707 517 1.73 
2017 Soybean CT 2Y CC 4 1270 808 462 1.57 
2017 Corn CT 2Y CC 4 1238 1081 157 1.15 
2017 Corn CT 2Y NC 4 1354 1081 273 1.25 
2017 Soybean NT 2Y CC 4 1261 758 504 1.66 
2017 Soybean NT 2Y NC 4 1290 656 634 1.97 
2017 Corn NT 2Y NC 4 1160 1032 128 1.12 
2017 Corn NT 2Y CC 4 1132 1032 100 1.10 
2018 Soybean NT 2Y CC 1 1296 599 698 2.17 
2018 Soybean NT 2Y NC 1 1385 497 888 2.79 
2018 Corn NT 2Y NC 1 1742 892 850 1.95 
2018 Corn NT 2Y CC 1 1714 892 823 1.92 
2018 Soybean CT 2Y CC 1 1315 649 666 2.03 
2018 Soybean CT 2Y NC 1 1439 548 891 2.63 
2018 Corn CT 2Y NC 1 1808 941 867 1.92 
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Year Crop Tillage Rotation Cover Rep Revenue Cost Returns BCR 
 phase   type  --------------- $ ha-1 --------------  
2018 Corn CT 2Y CC 1 1742 941 801 1.85 
2018 Corn CT 2Y NC 2 1784 941 843 1.90 
2018 Corn CT 2Y CC 2 1743 941 802 1.85 
2018 Soybean CT 2Y CC 2 1614 649 964 2.49 
2018 Soybean CT 2Y NC 2 1786 548 1238 3.26 
2018 Corn NT 2Y CC 2 1857 892 965 2.08 
2018 Corn NT 2Y NC 2 1711 892 820 1.92 
2018 Soybean NT 2Y NC 2 1966 497 1469 3.96 
2018 Soybean NT 2Y CC 2 1668 599 1069 2.79 
2018 Soybean NT 2Y CC 3 1284 599 686 2.15 
2018 Soybean NT 2Y NC 3 1189 497 692 2.39 
2018 Corn NT 2Y NC 3 1650 892 759 1.85 
2018 Corn NT 2Y CC 3 1622 892 731 1.82 
2018 Soybean CT 2Y NC 3 1312 548 764 2.40 
2018 Soybean CT 2Y CC 3 1313 649 664 2.02 
2018 Corn CT 2Y NC 3 1842 941 901 1.96 
2018 Corn CT 2Y CC 3 1844 941 903 1.96 
2018 Corn CT 2Y NC 4 1978 941 1037 2.10 
2018 Corn CT 2Y CC 4 1960 941 1019 2.08 
2018 Soybean CT 2Y CC 4 1293 649 644 1.99 
2018 Soybean CT 2Y NC 4 1428 548 881 2.61 
2018 Corn NT 2Y CC 4 1574 892 683 1.77 
2018 Corn NT 2Y NC 4 1519 892 627 1.70 
2018 Soybean NT 2Y NC 4 1490 497 993 3.00 
2018 Soybean NT 2Y CC 4 1574 599 976 2.63 
2014 Oat NT 3Y CC 1 746 581 165 1.28 
2014 Oat NT 3Y NC 1 746 581 165 1.28 
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Year Crop Tillage Rotation Cover Rep Revenue Cost Returns BCR 
 phase   type  --------------- $ ha-1 --------------  
2014 Soybean NT 3Y NC 1 1028 642 386 1.60 
2014 Soybean NT 3Y CC 1 1137 744 393 1.53 
2014 Corn NT 3Y CC 1 1206 1131 75 1.07 
2014 Corn NT 3Y NC 1 1216 1052 163 1.16 
2014 Oat CT 3Y NC 1 747 631 116 1.18 
2014 Oat CT 3Y CC 1 747 631 116 1.18 
2014 Soybean CT 3Y CC 1 1343 794 548 1.69 
2014 Soybean CT 3Y NC 1 1396 694 702 2.01 
2014 Corn CT 3Y NC 1 1307 1102 206 1.19 
2014 Corn CT 3Y CC 1 1324 1180 143 1.12 
2014 Corn CT 3Y CC 2 1395 1180 214 1.18 
2014 Corn CT 3Y NC 2 1448 1102 346 1.31 
2014 Soybean CT 3Y CC 2 1392 794 597 1.75 
2014 Soybean CT 3Y NC 2 1445 694 751 2.08 
2014 Oat CT 3Y NC 2 745 631 113 1.18 
2014 Oat CT 3Y CC 2 745 631 113 1.18 
2014 Corn NT 3Y CC 2 1117 1131 -14 0.99 
2014 Corn NT 3Y NC 2 1236 1052 183 1.17 
2014 Soybean NT 3Y CC 2 1248 744 504 1.68 
2014 Soybean NT 3Y NC 2 1253 642 611 1.95 
2014 Oat NT 3Y NC 2 732 581 151 1.26 
2014 Oat NT 3Y CC 2 732 581 151 1.26 
2014 Oat NT 3Y NC 3 561 581 -20 0.97 
2014 Oat NT 3Y CC 3 561 581 -20 0.97 
2014 Soybean NT 3Y NC 3 1280 642 638 1.99 
2014 Soybean NT 3Y CC 3 1366 744 622 1.84 
2014 Corn NT 3Y NC 3 1378 1052 326 1.31 
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2014 Corn NT 3Y CC 3 1448 1131 317 1.28 
2014 Oat CT 3Y CC 3 727 631 95 1.15 
2014 Oat CT 3Y NC 3 727 631 95 1.15 
2014 Soybean CT 3Y NC 3 1375 694 681 1.98 
2014 Soybean CT 3Y CC 3 1403 794 609 1.77 
2014 Corn CT 3Y CC 3 1494 1180 313 1.27 
2014 Corn CT 3Y NC 3 1513 1102 411 1.37 
2014 Corn CT 3Y CC 4 1420 1180 239 1.20 
2014 Corn CT 3Y NC 4 1469 1102 367 1.33 
2014 Soybean CT 3Y CC 4 1273 794 479 1.60 
2014 Soybean CT 3Y NC 4 1512 694 818 2.18 
2014 Oat CT 3Y CC 4 707 631 76 1.12 
2014 Oat CT 3Y NC 4 707 631 76 1.12 
2014 Corn NT 3Y NC 4 1408 1052 356 1.34 
2014 Corn NT 3Y CC 4 1420 1131 288 1.26 
2014 Soybean NT 3Y NC 4 1257 642 615 1.96 
2014 Soybean NT 3Y CC 4 1382 744 639 1.86 
2014 Oat NT 3Y CC 4 670 581 89 1.15 
2014 Oat NT 3Y NC 4 670 581 89 1.15 
2015 Corn NT 3Y CC 1 1332 986 346 1.35 
2015 Corn NT 3Y NC 1 1336 907 429 1.47 
2015 Oat NT 3Y NC 1 749 423 326 1.77 
2015 Oat NT 3Y CC 1 749 423 326 1.77 
2015 Soybean NT 3Y CC 1 1437 603 834 2.38 
2015 Soybean NT 3Y NC 1 1380 502 878 2.75 
2015 Corn CT 3Y NC 1 1424 955 469 1.49 
2015 Corn CT 3Y CC 1 1440 1035 405 1.39 
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2015 Oat CT 3Y CC 1 834 474 360 1.76 
2015 Oat CT 3Y NC 1 834 474 360 1.76 
2015 Soybean CT 3Y NC 1 1386 552 834 2.51 
2015 Soybean CT 3Y CC 1 1395 654 741 2.13 
2015 Soybean CT 3Y CC 2 1401 654 747 2.14 
2015 Soybean CT 3Y NC 2 1469 552 916 2.66 
2015 Oat CT 3Y CC 2 841 474 367 1.78 
2015 Oat CT 3Y NC 2 841 474 367 1.78 
2015 Corn CT 3Y NC 2 1416 955 462 1.48 
2015 Corn CT 3Y CC 2 1496 1035 461 1.45 
2015 Soybean NT 3Y CC 2 1435 603 832 2.38 
2015 Soybean NT 3Y NC 2 1403 502 902 2.80 
2015 Oat NT 3Y CC 2 856 423 433 2.02 
2015 Oat NT 3Y NC 2 856 423 433 2.02 
2015 Corn NT 3Y NC 2 1354 907 448 1.49 
2015 Corn NT 3Y CC 2 1422 986 436 1.44 
2015 Corn NT 3Y NC 3 1361 907 454 1.50 
2015 Corn NT 3Y CC 3 1364 986 379 1.38 
2015 Oat NT 3Y NC 3 897 423 474 2.12 
2015 Oat NT 3Y CC 3 897 423 474 2.12 
2015 Soybean NT 3Y NC 3 1329 502 828 2.65 
2015 Soybean NT 3Y CC 3 1355 603 752 2.25 
2015 Corn CT 3Y CC 3 1443 1035 408 1.39 
2015 Corn CT 3Y NC 3 1540 955 586 1.61 
2015 Oat CT 3Y NC 3 804 474 331 1.70 
2015 Oat CT 3Y CC 3 804 474 331 1.70 
2015 Soybean CT 3Y CC 3 1325 654 671 2.03 
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2015 Soybean CT 3Y NC 3 1300 552 748 2.35 
2015 Soybean CT 3Y CC 4 1454 654 800 2.22 
2015 Soybean CT 3Y NC 4 1353 552 800 2.45 
2015 Oat CT 3Y CC 4 844 474 370 1.78 
2015 Oat CT 3Y NC 4 844 474 370 1.78 
2015 Corn CT 3Y CC 4 1415 1035 380 1.37 
2015 Corn CT 3Y NC 4 1428 955 473 1.50 
2015 Soybean NT 3Y NC 4 1287 502 786 2.57 
2015 Soybean NT 3Y CC 4 1340 603 737 2.22 
2015 Oat NT 3Y NC 4 782 423 358 1.85 
2015 Oat NT 3Y CC 4 782 423 358 1.85 
2015 Corn NT 3Y CC 4 1368 986 383 1.39 
2015 Corn NT 3Y NC 4 1448 907 541 1.60 
2016 Soybean NT 3Y CC 1 1122 633 489 1.77 
2016 Soybean NT 3Y NC 1 1151 531 620 2.17 
2016 Corn NT 3Y NC 1 1501 1147 354 1.31 
2016 Corn NT 3Y CC 1 1376 1225 151 1.12 
2016 Soybean CT 3Y NC 1 1306 582 724 2.24 
2016 Soybean CT 3Y CC 1 1216 684 533 1.78 
2016 Corn CT 3Y CC 1 1506 1274 233 1.18 
2016 Corn CT 3Y NC 1 1671 1196 475 1.40 
2016 Corn CT 3Y CC 2 1551 1274 277 1.22 
2016 Corn CT 3Y NC 2 1477 1196 281 1.24 
2016 Soybean CT 3Y NC 2 1287 582 705 2.21 
2016 Soybean CT 3Y CC 2 1170 684 486 1.71 
2016 Corn NT 3Y CC 2 1379 1225 154 1.13 
2016 Corn NT 3Y NC 2 1435 1147 288 1.25 
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2016 Soybean NT 3Y NC 2 1376 531 845 2.59 
2016 Soybean NT 3Y CC 2 1092 633 459 1.73 
2016 Soybean NT 3Y NC 3 1344 531 812 2.53 
2016 Soybean NT 3Y CC 3 1216 633 583 1.92 
2016 Oat NT 3Y NC 3 537 366 172 1.47 
2016 Oat NT 3Y CC 3 537 366 172 1.47 
2016 Soybean CT 3Y CC 3 1155 684 471 1.69 
2016 Soybean CT 3Y NC 3 1213 582 631 2.08 
2016 Corn CT 3Y NC 3 1366 1196 170 1.14 
2016 Corn CT 3Y CC 3 1541 1274 267 1.21 
2016 Oat CT 3Y CC 3 641 416 224 1.54 
2016 Oat CT 3Y NC 3 641 416 224 1.54 
2016 Oat CT 3Y CC 4 517 416 101 1.24 
2016 Oat CT 3Y NC 4 517 416 101 1.24 
2016 Corn CT 3Y CC 4 1355 1274 81 1.06 
2016 Corn CT 3Y NC 4 1555 1196 359 1.30 
2016 Soybean CT 3Y CC 4 1350 684 666 1.97 
2016 Soybean CT 3Y NC 4 1340 582 759 2.30 
2016 Oat NT 3Y NC 4 437 366 71 1.19 
2016 Oat NT 3Y CC 4 437 366 71 1.19 
2016 Corn NT 3Y NC 4 1289 1147 143 1.12 
2016 Corn NT 3Y CC 4 975 1225 -250 0.80 
2016 Soybean NT 3Y CC 4 991 633 358 1.57 
2016 Soybean NT 3Y NC 4 1271 531 740 2.39 
2017 Oat NT 3Y CC 1 632 521 111 1.21 
2017 Oat NT 3Y NC 1 632 521 111 1.21 
2017 Soybean NT 3Y NC 1 1129 656 473 1.72 
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2017 Soybean NT 3Y CC 1 1080 758 322 1.43 
2017 Corn NT 3Y CC 1 985 1113 -128 0.89 
2017 Corn NT 3Y NC 1 1214 1032 183 1.18 
2017 Oat CT 3Y NC 1 631 471 160 1.34 
2017 Oat CT 3Y CC 1 631 471 160 1.34 
2017 Soybean CT 3Y CC 1 1155 808 347 1.43 
2017 Soybean CT 3Y NC 1 1208 707 502 1.71 
2017 Corn CT 3Y NC 1 1520 1081 439 1.41 
2017 Corn CT 3Y CC 1 1338 1162 176 1.15 
2017 Corn CT 3Y CC 2 1517 1162 355 1.31 
2017 Corn CT 3Y NC 2 1500 1081 419 1.39 
2017 Soybean CT 3Y CC 2 1312 808 504 1.62 
2017 Soybean CT 3Y NC 2 1345 707 639 1.90 
2017 Oat CT 3Y NC 2 742 471 271 1.58 
2017 Oat CT 3Y CC 2 742 471 271 1.58 
2017 Corn NT 3Y CC 2 1143 1113 30 1.03 
2017 Corn NT 3Y NC 2 1299 1032 267 1.26 
2017 Soybean NT 3Y CC 2 1244 758 486 1.64 
2017 Soybean NT 3Y NC 2 1281 656 625 1.95 
2017 Oat NT 3Y NC 2 694 521 173 1.33 
2017 Oat NT 3Y CC 2 694 521 173 1.33 
2017 Oat NT 3Y NC 3 639 521 118 1.23 
2017 Oat NT 3Y CC 3 639 521 118 1.23 
2017 Soybean NT 3Y NC 3 1253 656 596 1.91 
2017 Soybean NT 3Y CC 3 1096 758 338 1.45 
2017 Corn NT 3Y NC 3 1303 1032 271 1.26 
2017 Corn NT 3Y CC 3 740 1113 -373 0.66 
266 
 
Year Crop Tillage Rotation Cover Rep Revenue Cost Returns BCR 
 phase   type  --------------- $ ha-1 --------------  
2017 Oat CT 3Y CC 3 626 471 155 1.33 
2017 Oat CT 3Y NC 3 626 471 155 1.33 
2017 Soybean CT 3Y NC 3 1917 707 1211 2.71 
2017 Soybean CT 3Y CC 3 1180 808 371 1.46 
2017 Corn CT 3Y CC 3 1308 1162 146 1.13 
2017 Corn CT 3Y NC 3 1390 1081 309 1.29 
2017 Corn CT 3Y CC 4 1065 1162 -98 0.92 
2017 Corn CT 3Y NC 4 1125 1081 44 1.04 
2017 Soybean CT 3Y CC 4 1352 808 544 1.67 
2017 Soybean CT 3Y NC 4 1345 707 639 1.90 
2017 Oat CT 3Y CC 4 613 471 142 1.30 
2017 Oat CT 3Y NC 4 613 471 142 1.30 
2017 Corn NT 3Y NC 4 1333 1032 301 1.29 
2017 Corn NT 3Y CC 4 1073 1113 -39 0.96 
2017 Soybean NT 3Y NC 4 1376 656 720 2.10 
2017 Soybean NT 3Y CC 4 1341 758 583 1.77 
2018 Corn NT 3Y CC 1 1660 973 687 1.71 
2018 Corn NT 3Y NC 1 1957 892 1066 2.20 
2018 Oat NT 3Y NC 1 528 401 127 1.32 
2018 Oat NT 3Y CC 1 528 401 127 1.32 
2018 Soybean NT 3Y CC 1 1455 599 857 2.43 
2018 Soybean NT 3Y NC 1 1380 497 883 2.78 
2018 Corn CT 3Y NC 1 1856 941 915 1.97 
2018 Corn CT 3Y CC 1 1872 1022 850 1.83 
2018 Oat CT 3Y CC 1 635 452 184 1.41 
2018 Oat CT 3Y NC 1 635 452 184 1.41 
2018 Soybean CT 3Y NC 1 1344 548 796 2.45 
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2018 Soybean CT 3Y CC 1 1380 649 731 2.13 
2018 Soybean CT 3Y CC 2 1489 649 840 2.29 
2018 Soybean CT 3Y NC 2 1482 548 935 2.71 
2018 Oat CT 3Y CC 2 615 452 164 1.36 
2018 Oat CT 3Y NC 2 615 452 164 1.36 
2018 Corn CT 3Y NC 2 1913 941 972 2.03 
2018 Corn CT 3Y CC 2 1977 1022 955 1.93 
2018 Soybean NT 3Y CC 2 1632 599 1033 2.73 
2018 Soybean NT 3Y NC 2 1629 497 1132 3.28 
2018 Oat NT 3Y CC 2 738 401 337 1.84 
2018 Oat NT 3Y NC 2 738 401 337 1.84 
2018 Corn NT 3Y NC 2 1935 892 1044 2.17 
2018 Corn NT 3Y CC 2 1933 973 960 1.99 
2018 Corn NT 3Y NC 3 1600 892 709 1.79 
2018 Corn NT 3Y CC 3 1654 973 681 1.70 
2018 Oat NT 3Y NC 3 678 401 277 1.69 
2018 Oat NT 3Y CC 3 678 401 277 1.69 
2018 Soybean NT 3Y NC 3 1339 497 842 2.69 
2018 Soybean NT 3Y CC 3 1378 599 780 2.30 
2018 Corn CT 3Y CC 3 1721 1022 699 1.68 
2018 Corn CT 3Y NC 3 1781 941 840 1.89 
2018 Oat CT 3Y NC 3 664 452 212 1.47 
2018 Oat CT 3Y CC 3 664 452 212 1.47 
2018 Soybean CT 3Y CC 3 1223 649 573 1.88 
2018 Soybean CT 3Y NC 3 1245 548 697 2.27 
2018 Soybean CT 3Y CC 4 1476 649 827 2.27 
2018 Soybean CT 3Y NC 4 1585 548 1038 2.90 
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2018 Oat CT 3Y CC 4 597 452 145 1.32 
2018 Oat CT 3Y NC 4 597 452 145 1.32 
2018 Corn CT 3Y CC 4 1910 1022 888 1.87 
2018 Corn CT 3Y NC 4 2042 941 1101 2.17 
2018 Soybean NT 3Y NC 4 1728 497 1231 3.48 
2018 Soybean NT 3Y CC 4 1673 599 1074 2.79 
2018 Oat NT 3Y NC 4 702 401 301 1.75 
2018 Oat NT 3Y CC 4 702 401 301 1.75 
2018 Corn NT 3Y CC 4 1863 973 890 1.92 
2018 Corn NT 3Y NC 4 1979 892 1087 2.22 
2014 Soybean NT 4Y CC 1 1454 744 710 1.95 
2014 Soybean NT 4Y NC 1 1454 642 812 2.26 
2014 Corn NT 4Y NC 1 1561 1052 509 1.48 
2014 Corn NT 4Y CC 1 1605 1131 474 1.42 
2014 Wheat NT 4Y NC 1 533 523 10 1.02 
2014 Wheat NT 4Y CC 1 533 523 10 1.02 
2014 Oat NT 4Y CC 1 652 581 71 1.12 
2014 Oat NT 4Y NC 1 652 581 71 1.12 
2014 Soybean CT 4Y CC 1 1526 794 731 1.92 
2014 Soybean CT 4Y NC 1 1526 694 832 2.20 
2014 Oat CT 4Y CC 1 555 631 -77 0.88 
2014 Oat CT 4Y NC 1 555 631 -77 0.88 
2014 Corn CT 4Y CC 1 1718 1180 538 1.46 
2014 Corn CT 4Y NC 1 1745 1102 643 1.58 
2014 Wheat CT 4Y CC 1 676 523 153 1.29 
2014 Wheat CT 4Y NC 1 676 523 153 1.29 
2014 Wheat CT 4Y CC 2 499 523 -24 0.95 
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2014 Wheat CT 4Y NC 2 499 523 -24 0.95 
2014 Corn CT 4Y CC 2 1443 1180 262 1.22 
2014 Corn CT 4Y NC 2 1514 1102 412 1.37 
2014 Oat CT 4Y NC 2 498 631 -133 0.79 
2014 Oat CT 4Y CC 2 498 631 -133 0.79 
2014 Soybean CT 4Y NC 2 1415 694 721 2.04 
2014 Soybean CT 4Y CC 2 1442 794 648 1.82 
2014 Oat NT 4Y NC 2 583 581 2 1.00 
2014 Oat NT 4Y CC 2 583 581 2 1.00 
2014 Wheat NT 4Y NC 2 484 523 -39 0.93 
2014 Wheat NT 4Y CC 2 484 523 -39 0.93 
2014 Corn NT 4Y CC 2 1479 1131 348 1.31 
2014 Corn NT 4Y NC 2 1480 1052 427 1.41 
2014 Soybean NT 4Y NC 2 1273 642 631 1.98 
2014 Soybean NT 4Y CC 2 1294 744 551 1.74 
2014 Soybean NT 4Y NC 3 1452 642 810 2.26 
2014 Soybean NT 4Y CC 3 1456 744 713 1.96 
2014 Corn NT 4Y CC 3 1462 1131 331 1.29 
2014 Corn NT 4Y NC 3 1561 1052 508 1.48 
2014 Wheat NT 4Y NC 3 483 523 -40 0.92 
2014 Wheat NT 4Y CC 3 483 523 -40 0.92 
2014 Oat NT 4Y CC 3 597 581 17 1.03 
2014 Oat NT 4Y NC 3 597 581 17 1.03 
2014 Soybean CT 4Y NC 3 1445 694 751 2.08 
2014 Soybean CT 4Y CC 3 1500 794 706 1.89 
2014 Oat CT 4Y CC 3 534 631 -97 0.85 
2014 Oat CT 4Y NC 3 534 631 -97 0.85 
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2014 Corn CT 4Y NC 3 1436 1102 334 1.30 
2014 Corn CT 4Y CC 3 1510 1180 329 1.28 
2014 Wheat CT 4Y NC 3 366 523 -156 0.70 
2014 Wheat CT 4Y CC 3 366 523 -156 0.70 
2014 Wheat CT 4Y NC 4 597 523 75 1.14 
2014 Wheat CT 4Y CC 4 597 523 75 1.14 
2014 Corn CT 4Y NC 4 1626 1102 524 1.48 
2014 Corn CT 4Y CC 4 1669 1180 488 1.41 
2014 Oat CT 4Y CC 4 567 631 -65 0.90 
2014 Oat CT 4Y NC 4 567 631 -65 0.90 
2014 Soybean CT 4Y CC 4 1308 794 514 1.65 
2014 Soybean CT 4Y NC 4 1389 694 695 2.00 
2014 Oat NT 4Y CC 4 586 581 5 1.01 
2014 Oat NT 4Y NC 4 586 581 5 1.01 
2014 Wheat NT 4Y CC 4 235 523 -288 0.45 
2014 Wheat NT 4Y NC 4 235 523 -288 0.45 
2014 Corn NT 4Y CC 4 1453 1131 322 1.28 
2014 Corn NT 4Y NC 4 1543 1052 490 1.47 
2014 Soybean NT 4Y CC 4 1396 744 652 1.88 
2014 Soybean NT 4Y NC 4 1452 642 810 2.26 
2015 Oat NT 4Y CC 1 792 423 369 1.87 
2015 Oat NT 4Y NC 1 792 423 369 1.87 
2015 Soybean NT 4Y NC 1 1308 502 807 2.61 
2015 Soybean NT 4Y CC 1 1372 603 768 2.27 
2015 Corn NT 4Y NC 1 1550 907 643 1.71 
2015 Corn NT 4Y CC 1 1569 986 583 1.59 
2015 Wheat NT 4Y CC 1 660 638 22 1.03 
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2015 Wheat NT 4Y NC 1 660 638 22 1.03 
2015 Oat CT 4Y CC 1 848 474 374 1.79 
2015 Oat CT 4Y NC 1 848 474 374 1.79 
2015 Wheat CT 4Y CC 1 783 638 145 1.23 
2015 Wheat CT 4Y NC 1 783 638 145 1.23 
2015 Soybean CT 4Y CC 1 1386 654 733 2.12 
2015 Soybean CT 4Y NC 1 1450 552 897 2.63 
2015 Corn CT 4Y CC 1 1584 1035 549 1.53 
2015 Corn CT 4Y NC 1 1651 955 697 1.73 
2015 Corn CT 4Y CC 2 1535 1035 500 1.48 
2015 Corn CT 4Y NC 2 1565 955 610 1.64 
2015 Soybean CT 4Y CC 2 1405 654 751 2.15 
2015 Soybean CT 4Y NC 2 1386 552 834 2.51 
2015 Wheat CT 4Y NC 2 745 638 108 1.17 
2015 Wheat CT 4Y CC 2 745 638 108 1.17 
2015 Oat CT 4Y NC 2 920 474 447 1.94 
2015 Oat CT 4Y CC 2 920 474 447 1.94 
2015 Wheat NT 4Y NC 2 690 638 52 1.08 
2015 Wheat NT 4Y CC 2 690 638 52 1.08 
2015 Corn NT 4Y NC 2 1394 907 487 1.54 
2015 Corn NT 4Y CC 2 1610 986 624 1.63 
2015 Soybean NT 4Y CC 2 1384 603 781 2.29 
2015 Soybean NT 4Y NC 2 1433 502 931 2.86 
2015 Oat NT 4Y NC 2 855 423 431 2.02 
2015 Oat NT 4Y CC 2 855 423 431 2.02 
2015 Oat NT 4Y NC 3 779 423 356 1.84 
2015 Oat NT 4Y CC 3 779 423 356 1.84 
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2015 Soybean NT 4Y CC 3 1355 603 752 2.25 
2015 Soybean NT 4Y NC 3 1574 502 1073 3.14 
2015 Corn NT 4Y NC 3 1565 907 658 1.73 
2015 Corn NT 4Y CC 3 1701 986 715 1.73 
2015 Wheat NT 4Y CC 3 735 638 98 1.15 
2015 Wheat NT 4Y NC 3 735 638 98 1.15 
2015 Oat CT 4Y NC 3 834 474 360 1.76 
2015 Oat CT 4Y CC 3 834 474 360 1.76 
2015 Wheat CT 4Y CC 3 720 638 82 1.13 
2015 Wheat CT 4Y NC 3 720 638 82 1.13 
2015 Soybean CT 4Y NC 3 1481 552 929 2.68 
2015 Soybean CT 4Y CC 3 1334 654 680 2.04 
2015 Corn CT 4Y NC 3 1557 955 603 1.63 
2015 Corn CT 4Y CC 3 1571 1035 536 1.52 
2015 Corn CT 4Y NC 4 1377 955 423 1.44 
2015 Corn CT 4Y CC 4 1564 1035 529 1.51 
2015 Soybean CT 4Y NC 4 1414 552 862 2.56 
2015 Soybean CT 4Y CC 4 1410 654 756 2.16 
2015 Wheat CT 4Y CC 4 848 638 210 1.33 
2015 Wheat CT 4Y NC 4 848 638 210 1.33 
2015 Oat CT 4Y CC 4 970 474 497 2.05 
2015 Oat CT 4Y NC 4 970 474 497 2.05 
2015 Wheat NT 4Y CC 4 716 638 79 1.12 
2015 Wheat NT 4Y NC 4 716 638 79 1.12 
2015 Corn NT 4Y CC 4 1587 986 601 1.61 
2015 Corn NT 4Y NC 4 1589 907 682 1.75 
2015 Soybean NT 4Y CC 4 1361 603 758 2.26 
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2015 Soybean NT 4Y NC 4 1308 502 807 2.61 
2015 Oat NT 4Y CC 4 824 423 401 1.95 
2015 Oat NT 4Y NC 4 824 423 401 1.95 
2016 Wheat NT 4Y CC 1 791 544 247 1.45 
2016 Wheat NT 4Y NC 1 791 544 247 1.45 
2016 Soybean NT 4Y NC 1 1417 531 886 2.67 
2016 Soybean NT 4Y CC 1 1483 633 850 2.34 
2016 Corn NT 4Y CC 1 1367 1225 142 1.12 
2016 Corn NT 4Y NC 1 1561 1147 415 1.36 
2016 Wheat CT 4Y CC 1 723 544 179 1.33 
2016 Wheat CT 4Y NC 1 723 544 179 1.33 
2016 Corn CT 4Y CC 1 1528 1196 333 1.28 
2016 Corn CT 4Y NC 1 1627 1196 431 1.36 
2016 Soybean CT 4Y CC 1 1220 684 537 1.78 
2016 Soybean CT 4Y NC 1 1318 582 736 2.26 
2016 Soybean CT 4Y CC 2 1351 684 667 1.98 
2016 Soybean CT 4Y NC 2 1298 582 716 2.23 
2016 Corn CT 4Y NC 2 1277 1196 81 1.07 
2016 Corn CT 4Y CC 2 1297 1274 23 1.02 
2016 Wheat CT 4Y NC 2 544 544 0 1.00 
2016 Wheat CT 4Y CC 2 544 544 0 1.00 
2016 Corn NT 4Y NC 2 1310 1147 164 1.14 
2016 Corn NT 4Y CC 2 1306 1225 82 1.07 
2016 Soybean NT 4Y NC 2 1431 531 900 2.69 
2016 Soybean NT 4Y CC 2 1395 633 762 2.20 
2016 Wheat NT 4Y NC 3 800 544 256 1.47 
2016 Wheat NT 4Y CC 3 800 544 256 1.47 
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2016 Soybean NT 4Y NC 3 1365 531 833 2.57 
2016 Soybean NT 4Y CC 3 1529 633 897 2.42 
2016 Corn NT 4Y CC 3 1183 1225 -41 0.97 
2016 Corn NT 4Y NC 3 1141 1147 -5 1.00 
2016 Wheat CT 4Y NC 3 678 544 134 1.25 
2016 Wheat CT 4Y CC 3 678 544 134 1.25 
2016 Corn CT 4Y CC 3 1386 1274 112 1.09 
2016 Corn CT 4Y NC 3 1424 1196 228 1.19 
2016 Soybean CT 4Y NC 3 1324 582 742 2.28 
2016 Soybean CT 4Y CC 3 1346 684 662 1.97 
2016 Soybean CT 4Y NC 4 1326 582 744 2.28 
2016 Soybean CT 4Y CC 4 1247 684 563 1.82 
2016 Corn CT 4Y CC 4 1047 1274 -227 0.82 
2016 Corn CT 4Y NC 4 1500 1196 304 1.25 
2016 Wheat CT 4Y CC 4 530 544 -14 0.97 
2016 Wheat CT 4Y NC 4 530 544 -14 0.97 
2016 Corn NT 4Y CC 4 1304 1225 79 1.06 
2016 Corn NT 4Y NC 4 1282 1147 135 1.12 
2016 Soybean NT 4Y CC 4 1537 633 904 2.43 
2016 Soybean NT 4Y NC 4 1511 531 980 2.84 
2016 Wheat NT 4Y CC 4 587 544 43 1.08 
2016 Wheat NT 4Y NC 4 587 544 43 1.08 
2017 Corn NT 4Y CC 1 1108 1113 -5 1.00 
2017 Corn NT 4Y NC 1 1254 1032 222 1.22 
2017 Wheat NT 4Y NC 1 959 387 572 2.48 
2017 Wheat NT 4Y CC 1 959 387 572 2.48 
2017 Oat NT 4Y NC 1 647 521 126 1.24 
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2017 Oat NT 4Y CC 1 647 521 126 1.24 
2017 Soybean NT 4Y CC 1 1105 758 347 1.46 
2017 Soybean NT 4Y NC 1 1118 656 462 1.70 
2017 Corn CT 4Y CC 1 1282 1162 120 1.10 
2017 Corn CT 4Y NC 1 1488 1081 407 1.38 
2017 Soybean CT 4Y CC 1 1374 707 667 1.94 
2017 Soybean CT 4Y NC 1 1429 707 722 2.02 
2017 Wheat CT 4Y CC 1 1107 387 720 2.86 
2017 Wheat CT 4Y NC 1 1107 387 720 2.86 
2017 Oat CT 4Y CC 1 678 471 207 1.44 
2017 Oat CT 4Y NC 1 678 471 207 1.44 
2017 Oat CT 4Y CC 2 719 471 248 1.53 
2017 Oat CT 4Y NC 2 719 471 248 1.53 
2017 Soybean CT 4Y NC 2 1175 707 468 1.66 
2017 Soybean CT 4Y CC 2 1242 808 433 1.54 
2017 Corn CT 4Y NC 2 1337 1081 256 1.24 
2017 Corn CT 4Y CC 2 1150 1162 -12 0.99 
2017 Soybean NT 4Y NC 2 1040 656 384 1.59 
2017 Soybean NT 4Y CC 2 1182 758 424 1.56 
2017 Oat NT 4Y NC 2 622 521 100 1.19 
2017 Oat NT 4Y CC 2 622 521 100 1.19 
2017 Wheat NT 4Y CC 2 826 387 440 2.14 
2017 Wheat NT 4Y NC 2 826 387 440 2.14 
2017 Corn NT 4Y NC 2 1386 1032 355 1.34 
2017 Corn NT 4Y CC 2 1096 1113 -16 0.99 
2017 Corn NT 4Y NC 3 1328 1032 296 1.29 
2017 Corn NT 4Y CC 3 1098 1113 -15 0.99 
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2017 Wheat NT 4Y CC 3 855 387 469 2.21 
2017 Wheat NT 4Y NC 3 855 387 469 2.21 
2017 Oat NT 4Y NC 3 554 521 33 1.06 
2017 Oat NT 4Y CC 3 554 521 33 1.06 
2017 Soybean NT 4Y CC 3 892 758 135 1.18 
2017 Soybean NT 4Y NC 3 1129 656 473 1.72 
2017 Corn CT 4Y NC 3 1224 1081 143 1.13 
2017 Corn CT 4Y CC 3 1181 1162 19 1.02 
2017 Soybean CT 4Y CC 3 846 808 38 1.05 
2017 Soybean CT 4Y NC 3 1100 707 393 1.56 
2017 Wheat CT 4Y NC 3 914 387 527 2.36 
2017 Wheat CT 4Y CC 3 914 387 527 2.36 
2017 Oat CT 4Y NC 3 653 471 182 1.39 
2017 Oat CT 4Y CC 3 653 471 182 1.39 
2017 Oat CT 4Y NC 4 705 471 235 1.50 
2017 Oat CT 4Y CC 4 705 471 235 1.50 
2017 Wheat CT 4Y NC 4 997 387 610 2.58 
2017 Wheat CT 4Y CC 4 997 387 610 2.58 
2017 Soybean CT 4Y CC 4 1135 808 327 1.40 
2017 Soybean CT 4Y NC 4 1383 707 676 1.96 
2017 Corn CT 4Y CC 4 995 1162 -167 0.86 
2017 Corn CT 4Y NC 4 1403 1081 322 1.30 
2017 Soybean NT 4Y CC 4 1012 758 254 1.34 
2017 Soybean NT 4Y NC 4 1330 656 674 2.03 
2017 Wheat NT 4Y CC 4 828 387 441 2.14 
2017 Wheat NT 4Y NC 4 828 387 441 2.14 
2017 Corn NT 4Y CC 4 1267 1113 154 1.14 
277 
 
Year Crop Tillage Rotation Cover Rep Revenue Cost Returns BCR 
 phase   type  --------------- $ ha-1 --------------  
2017 Corn NT 4Y NC 4 1312 1032 280 1.27 
2018 Soybean NT 4Y CC 1 1373 599 775 2.29 
2018 Soybean NT 4Y NC 1 1292 497 795 2.60 
2018 Corn NT 4Y NC 1 1866 892 974 2.09 
2018 Corn NT 4Y CC 1 1951 973 978 2.01 
2018 Wheat NT 4Y NC 1 715 649 66 1.10 
2018 Wheat NT 4Y CC 1 715 649 66 1.10 
2018 Oat NT 4Y CC 1 665 401 264 1.66 
2018 Oat NT 4Y NC 1 665 401 264 1.66 
2018 Soybean CT 4Y CC 1 1398 649 749 2.15 
2018 Soybean CT 4Y NC 1 1306 548 758 2.38 
2018 Oat CT 4Y CC 1 626 452 175 1.39 
2018 Oat CT 4Y NC 1 626 452 175 1.39 
2018 Corn CT 4Y CC 1 2046 1022 1024 2.00 
2018 Corn CT 4Y NC 1 1934 941 993 2.06 
2018 Wheat CT 4Y CC 1 842 649 194 1.30 
2018 Wheat CT 4Y NC 1 842 649 194 1.30 
2018 Wheat CT 4Y CC 2 699 649 50 1.08 
2018 Wheat CT 4Y NC 2 699 649 50 1.08 
2018 Corn CT 4Y CC 2 1918 1022 896 1.88 
2018 Corn CT 4Y NC 2 1942 941 1001 2.06 
2018 Oat CT 4Y NC 2 605 452 153 1.34 
2018 Oat CT 4Y CC 2 605 452 153 1.34 
2018 Soybean CT 4Y NC 2 1226 548 679 2.24 
2018 Soybean CT 4Y CC 2 1391 649 742 2.14 
2018 Oat NT 4Y NC 2 630 401 229 1.57 
2018 Oat NT 4Y CC 2 630 401 229 1.57 
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Year Crop Tillage Rotation Cover Rep Revenue Cost Returns BCR 
 phase   type  --------------- $ ha-1 --------------  
2018 Corn NT 4Y CC 2 1644 973 671 1.69 
2018 Corn NT 4Y NC 2 1618 892 726 1.81 
2018 Soybean NT 4Y NC 2 1228 497 731 2.47 
2018 Soybean NT 4Y CC 2 1043 599 445 1.74 
2018 Soybean NT 4Y NC 3 1340 497 843 2.70 
2018 Soybean NT 4Y CC 3 1387 599 788 2.32 
2018 Corn NT 4Y CC 3 1795 973 822 1.85 
2018 Corn NT 4Y NC 3 1804 892 913 2.02 
2018 Wheat NT 4Y NC 3 707 649 58 1.09 
2018 Wheat NT 4Y CC 3 707 649 58 1.09 
2018 Oat NT 4Y CC 3 632 401 231 1.58 
2018 Oat NT 4Y NC 3 632 401 231 1.58 
2018 Soybean CT 4Y NC 3 1350 548 802 2.47 
2018 Soybean CT 4Y CC 3 1343 649 694 2.07 
2018 Oat CT 4Y CC 3 526 452 75 1.17 
2018 Oat CT 4Y NC 3 526 452 75 1.17 
2018 Corn CT 4Y NC 3 1857 941 916 1.97 
2018 Corn CT 4Y CC 3 1901 1022 879 1.86 
2018 Wheat CT 4Y NC 3 1014 649 365 1.56 
2018 Wheat CT 4Y CC 3 1014 649 365 1.56 
2018 Wheat CT 4Y NC 4 880 649 232 1.36 
2018 Wheat CT 4Y CC 4 880 649 232 1.36 
2018 Corn CT 4Y NC 4 1786 941 845 1.90 
2018 Corn CT 4Y CC 4 1661 1022 639 1.62 
2018 Oat CT 4Y CC 4 634 452 182 1.40 
2018 Oat CT 4Y NC 4 634 452 182 1.40 
2018 Soybean CT 4Y CC 4 1639 649 990 2.52 
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Year Crop Tillage Rotation Cover Rep Revenue Cost Returns BCR 
 phase   type  --------------- $ ha-1 --------------  
2018 Soybean CT 4Y NC 4 1327 548 779 2.42 
2018 Oat NT 4Y CC 4 671 401 270 1.67 
2018 Oat NT 4Y NC 4 671 401 270 1.67 
2018 Corn NT 4Y CC 4 1917 973 944 1.97 
2018 Corn NT 4Y NC 4 1982 892 1091 2.22 
2018 Soybean NT 4Y CC 4 1535 599 937 2.56 
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